Phase transformations and equilibria of titanium platinum alloys in the composition range 30-50 atomic percent platinum by Tello Araya, Karem Eva
PHASE TRANSFORMATIONS AND EQUILIBRIA OF TITANIUM PLATINUM ALLOYS IN
THE COMPOSITION RANGE 30-50 ATOMIC PERCENT PLATINUM
by
Karem E. Tello Araya
A thesis submitted to the Faculty and Board of Trustees of the Colorado School of Mines in




Karem E. Tello Araya
Signed:





Dr. Michael J. Kaufman
Professor and Head
Department of Metallurgy and Materials
ii
ABSTRACT
The Ti-Pt phase binary phase diagram and the corresponding phase transformations in the
composition range 30-50 at.% Pt have been investigated using a variety of characterization meth-
ods (DTA, SEM and TEM). This study was inspired by ongoing work on some experimental Ti-Ni-
Pt and Ti-Pt-Ni-Hf high temperature shape memory alloys that were found to contain unexpected
phases not reported previously in such alloys. Furthermore, close analysis of the peritectoid invari-
ant proposed by Biggs et al. revealed a range of confusing and somewhat contradictory results and,
as a result, it was decided to attempt to determine the true nature of the diagram in this composi-
tion range and to understand the complicating effects of interstitial contamination on the observed
microstructures and phase equilibria.
The microstructure of as-cast and heat treated alloys contains more than two phases after
equilibration treatments suggesting interstitial contamination. In addition, the microstructures re-
vealed that the peritectoid transformation (Ti3Pt+β-TiPtTi4Pt3) proposed in the literature exists
but, because of sluggish transformation kinetics, the actual peritectoid reaction is limited and does
not account for the observed DTA peaks that Biggs et al. used to estimate the invariant tempera-
ture. Rather, it will be shown that the peaks are due to the transformation of β-TiPt to a lamellar
β-TiPt+Ti4Pt3 structure at approximately 1230
◦C. In addition, a modification to the phase diagram
is proposed based on other experimental evidence.
Characterization of the various phases observed in the microstructures (using SADP and
CBED in the TEM) confirmed the presence of the known phases Ti3Pt and α-TiPt. In addition, a
new phase with stoichiometry Ti5Pt3 was observed in both as-cast and heat treated samples. This
phase is shown to be stabilized by oxygen and to have a hexagonal structure with lattice parameters
a ∼ 8.0 nm and c ∼ 5.0 nm (space group P63/mcm). The Ti4Pt3 phase appears to be a true binary
phase that tends to be highly faulted and be structurally related to the Ti5Pt3 phase with a pseudo-
hexagonal structure with a ∼ 7.96 nm and c ∼ 23.6 nm. Detailed electron diffraction evidence
iii
indicates that the crystal structure is probably triclinic although it was difficult to determine the
actual point and space group.
iv
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The search for materials capable of generating a mechanical response when subjected to a
thermal, electrical or magnetic field in applications that require lighter and stronger materials has
led to the development of “smart materials”. Shape Memory Alloys (SMAs) fall into the category
of smart materials and are capable of recovering their shape, after being deformed at low tempera-
tures, when the temperature is increased. The leading SMAs on the market are those based on TiNi
alloys (Nitinols) which are used in dental devices, stents, bone plates and eyeglasses and, other ap-
plications where the application temperatures do not exceed 100 ◦C [4–6]. Given the potential
of SMAs at low temperatures, NASA and others have been developing High Temperature Shape
Memory Alloys (HTSMAs) for use in higher temperature applications such as sensors and actua-
tors in jet engines, including, core exhaust chevrons, flow control devices, variable area/geometry
inlets, active clearance control devices, etc. [7].
Several alloying additions, namely Au, Pd, Pt, Hf and Zr, have been shown to increase the
martensitic transformation temperature responsible for the shape memory characteristic of TiNi
SMAs [7,8]. Of these, Pt is known to have the greatest effect on the transformation temperatures.
Thus, several studies are ongoing to develop ternary Ti-Ni-Pt HTSMAs with an emphasis on the
composition range in the vicinity of that defined by Ti/(Ni+Pt)∼ 1 [9]. In the course of these
studies, it was discovered that there were previously unreported phases with compositions that
were Ti-rich relative to this 1:1 ratio where at least one of these phases is highly faulted with a
rather complex structure. TEM images of the quaternary as-cast alloy 51.8Ti-34.4Pt-6.5Ni-6.3Hf
(at.%) revealed the presence of a highly faulted phase (F) and martensite (M) in its microstructure
(Figures 1.1a and 1.1b). Therefore, it was decided that the Ti-rich side of the Ti-Pt binary system
should be reinvestigated to determine whether these were unique ternary phases or previously






Figure 1.1: Quaternary as-cast alloy 51.8Ti-34.4Pt-6.5Ni-6.3Hf (at.%) (a) BEI (b) TEM image
revealed the presence of a highly faulted phase (F) and martensite (M) in its microstructure.
Biggs and coworkers [1] carried out a detailed study of the Ti-Pt phase diagram in the compo-
sition range 30-60 at.% Pt (Figure 1.2). In this study, they reported the presence of a new phase in
alloys whose composition ranged between 30-47 at.% Pt and proposed that this new phase trans-
forms via a peritectoid reaction (Ti3Pt+β-TiPt→ Ti4Pt3)
Figure 1.2: Ti-Pt phase diagram proposed by Biggs et al. (from [1]).
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Among their observations, they showed:
i) The microstructure of an alloy of 30.4 at.% Pt revealed dendrites of Ti3Pt, and Ti4Pt3 in the
interdendritic regions.
ii) In alloys between 36.3 and 40.9 at.% Pt, they observed that the microstructure consisted
of dendrites of the Ti4Pt3 phase and Ti3Pt+Ti4Pt3 eutectic in the interdendritic regions (Fi-
gure 1.3a).
iii) In addition, they found that the microstructure of the Ti-42.7Pt and Ti-43.1Pt (in at.%) as-cast
contained cored dendrites where the cores contained α-TiPt phase, in the form of irregular
laths, and the peripheries were mostly Ti4Pt3. Furthermore, the interdendritic regions were
comprised of Ti4Pt3 and Ti3Pt (Figure 1.3b).
(a) (b)
Figure 1.3: SEM results reported by Biggs et al. [1]. (a) Backscattered Electron Image (BEI) of
Ti-37.6Pt as-cast alloy showing dendrites of Ti4Pt3 with Ti3Pt+Ti4Pt3 eutectic in the interdendritic
regions. (b) BEI of Ti-42.7Pt as-cast alloy. The authors observed that the dendrites in (b) were
composed of cores of α-TiPt phase with Ti4Pt3 at the peripheries.
iv) The authors suggested the existence of the Ti3Pt(O) and Ti2Pt(O) phases within the inter-
dendritic regions of hypereutectic alloys that were heat treated at 1200 ◦C. Using Energy
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Dispersive Spectroscopy (EDS) in the Scanning Electron Microscope (SEM), they suggested
that the Ti2Pt(O) phase has a composition of 53Ti-29Pt-14O (at.%).
Since the peritectoid reaction must take place at the interfaces of the two parent phases (Ti3Pt
and β-TiPt) and that the subsequent growth of this product phase (Ti4Pt3) will be limited by diffu-
sion of atoms from one parent phase to the other across the product phase, the rate of Ti4Pt3 growth
via a peritectoid reaction must decrease with time/thickness. At lower temperatures, this rate may
become negligible [10]. However, the microstructure shown in Figure 1.3a is in contradiction with
this fact as the Ti4Pt3 phase is not only observed at the dendrite peripheries (where the Ti3Pt is
adjacent to the primary β-TiPt phase) but throughout the primary β-TiPt dendrites indicating that
the β-TiPt phase transforms directly to Ti4Pt3. Therefore, there is no conclusive evidence that
confirms that the peritectoid reaction takes place experimentally in alloys within this composition
range as proposed by Biggs et al. [1].
The morphology observed in the core of the dendrites of the Ti-42.7Pt as-cast alloy suggests
that there is some kind of partitioning of the prior β-TiPt phase taking place during solidification.
Since it is not possible to acquire reliable oxygen compositions using EDS, the composition of the
proposed Ti2Pt phase (∼33 at.% Pt) in the interdendritic regions may indicate that the oxygen intro-
duced by the titanium likely plays an important role in the phase observed and the microstructural
evolution of alloys from this portion of the diagram.
Biggs et al. also performed x-ray diffraction scan (XRD) on a specimen of the Ti-43Pt alloy
containing mostly Ti4Pt3. They concluded that the x-ray pattern belongs to a phase not observed
before, but, they did not determine the crystal structure of this unknown phase (Ti4Pt3). Like-
wise, the authors did not perform any further characterization (e.g., TEM) that could allow the
unequivocal identification of the phases observed in the microstructures.
Therefore, the purpose of this research was i) to clarify the contradictions encountered in the
empirical observations of alloys in the composition range of interest (30-50at% Pt), ii) to confirm
the presence and nature of the peritectoid reaction, iii) to provide other corrections to the phase
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diagram and clarify the role of interstitials on the various structures, and iv) to characterize the
crystal structures of the new phases present in the alloys of interest.
5
CHAPTER 2
BACKGROUND AND LITERATURE REVIEW
Shape Memory Alloys (SMAs) have the ability to recover (“remember”) their shape when the
temperature is increased. This property makes them useful for sensor and actuation applications in
industrial sectors such as aerospace, automotive, biomedical, and oil exploration [6]. The memory
effect in these alloys is related to the reversibility of the martensitic transformation proposed by
Kurdjumov and Khandros [11], who studied experimentally the reversible martensitic structure in
CuZn and CuAl alloys.
Near-equiatomic Ni-Ti alloys, known as Nitinols, are the SMAs most commonly utilized in
engineering applications and they continue to dominate the growing market due to their desirable
mechanical properties compared to other SMAs, good corrosion resistance, and biocompatibility.
Despite their advantages, the operating temperatures of the Nitinols fall below 100 ◦C making them
unsuitable for higher temperature applications [12]. In the early 1970s, High Temperature Shape
Memory Alloys (HTSMAs), namely titanium-platinum, titanium-palladium, and titanium-gold,
were developed and found to have martensitic transformation temperatures greater than 100 ◦C [6].
For example, Donkersloot and Van Vucht [8] studied Au-Ti, Pd-Ti, and Pt-Ti alloys near the
equiatomic composition. In each of these alloys the martensitic transformation temperature was
considerably above 500 ◦C (Figure 2.1) compared to the Ti-Ni equiatomic composition; in the
case of Ti-Pt, it was near 1070 ◦C. Considering these results, additions of Pt, Pd or Au to the Ti-Ni
alloys were found to increase considerably the transformation temperatures. The shape memory
effect is not limited to metallic systems; on the contrary, it has been observed in ceramics [13, 14]
and polymers [15, 16].
Further investigations on additions of alloying elements to the TiNi binary alloys revealed that
Pt additions have a remarkable effect on the martensitic transformation temperature, increasing the
6
temperature from approximately 50 ◦C to 1050 ◦C with 50 at.% Pt, see Figure 2.2 [7]. There-
fore, Platinum has shown promising attributes towards increasing the transformation temperature
making these SMAs possibly suitable for high temperatures applications.








































Figure 2.1: Alloying element effect on the martensitic start and finish transformation temperatures
for the binary alloys TiAu, TiPd, and TiPt [8].
















Figure 2.2: Transformation temperature versus percentage of alloying element added to Ti-50
at.%Ni alloy (from [7]).
SMAs possesses two remarkable characteristics, namely, the shape memory effect (SME) and
7
the superelastic effect (SE). In essence, both effects involve the transformation of a high tempera-
ture phase (austenite) to a low temperature phase (martensite) via a temperature-load cycle (SME)
or by applying a load in the austenitic region (SE). Both effects will be explained below. The trans-
formation from austenite to martensite is diffusionless and occurs by shear distortion of the parent
lattice. Further, it is reversible, which makes the transformation useful for cyclic operations.
2.1 Ti-Pt phase diagram
Nishimura and Hiramatsu [2] carried out the first in-depth study of the Ti-Pt system, using
metallography, X-Ray Diffraction (XRD), melting point measurement, and differential thermal
analysis (DTA) and they constructed the Ti-Pt phase diagram shown in Figure 2.3a. Some impor-
tant findings are summarized as follows:
• The presence of three intermetallic phases: Ti3Pt, TiPt, and TiPt3 which melt congruently at
1370 ◦C, 1830 ◦C, and 1950 ◦C respectively.
• eutectic reaction: L→ β-Ti + Ti3Pt at 1310 ◦C and approximately 15 at.% Pt.
• eutectic reaction: L→ β-TiPt + Ti3Pt at 1320 ◦C and approximately 34 at.% Pt.
• eutectic reaction: L→ β-TiPt + TiPt3 at 1780 ◦C and approximately 58 at.% Pt.
• eutectoid reaction: β-Ti→ α-Ti+Ti3Pt at 840 ◦C and approximately 3 at.% Pt.
• peritectic reaction: L + TiPt3→ γ(Pt) at around 1800 ◦C and approximately 81 at.% Pt.
In 1965, Pietrowsky [17] identified the TiPt8 phase on the Pt-rich side of the phase diagram.
The author optimized an XRD pattern obtained using a Debye-Scherrer camera and CrKα ra-
diation. Later, Junod et al. [18] studied experimentally the superconducting transition tempera-
ture and low temperature specific heat of binary and ternary compounds of titanium (Ti3Pt, Ti3Ir,
Ti75IrxPt25−x, and Ti3Hg) with the A15-type structure (Pm3n) and reported that the Ti3Pt phase
was not a stoichiometric phase as Nishimura and Hiramatsu had suggested; instead, they measured
a range of compositions between 22± 2 and 29± 2 at.% Pt at 500 ◦C.
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Later, Murray [3] carried out thermodynamic calculations using the data compiled by previous
investigators [2, 8, 17, 18] and proposed the modified phase diagram shown in Figure 2.3b. This
diagram includes the composition range of the Ti3Pt phase proposed by Junod et al. [18] as its
maximum composition range at 1310 ◦C. In addition, Murray included the two crystal structures
of the TiPt phase determined by Van Vucht and Donkersloot [8]: α-TiPt (Pmma with a = 0.455
nm, b = 0.273 nm and c = 0.479 nm), is stable from room temperature up to 1070 ◦C at 50
at.% Pt, and β-TiPt (Pm3m with a = 0.3192 nm), which is stable from 1070 ◦C up to the melting
temperature; these phases are related via the reversible martensitic transformation.
Recently, Biggs et al. [1] reported the presence of a new phase between the TiPt and Ti3Pt
phases in contrast to the previous diagrams where no intermediate phases were present. They
carried out SEM, microprobe and chemical analyses, XRD, and DTA. The new phase observed
was reported to have the Ti4Pt3 stoichiometry based on measured compositions in the range 41.7-
43.4 at.% Pt. The results of XRD experiments were inconclusive and they were unable to determine
the structure of this phase. Their DTA results were used to establish the phase boundaries and to
conclude that the diagram published by Murray [3] was incorrect, and that the Ti4Pt3 is a stable
phase which forms via a peritectoid reaction from the β-TiPt and Ti3Pt phases at approximately
1205 ◦C, see Figure 2.3c.
More recently, Li et al. [19] developed a thermodynamic optimization of the Ti-Pt system
utilizing the Thermo-Calc software. The input to the optimization procedure considered thermo-
dynamic data compiled from the literature [20] and the phase diagrams proposed by [1–3], and
the results were used to construct the phase diagram shown in Figure 2.3d. The crystal structure
of phases involved in the various transformations observed in the composition range of interest are




Figure 2.3: Phase Diagram of Ti-Pt system proposed by: (a) Nishimura and Hiramatsu in 1957 [2],
(b) Murray in 1982 [3], (c) Biggs et al. [1] and (d) Li et al. [19].
2.2 Shape Memory Effect (SME) and Superelastic Effect (SE)
In general, the SME and SE take advantage of the reversibility of the martensitic transfor-
mation (MT) which is a diffusionless transformation that involves the transformation of a high
temperature phase (austenite, A) to a low temperature phase (martensite, M). Below the char-
acteristic transformation temperature, denoted Ms (s for starting), the free energy of the system
is lowered during the transformation A→M. This free-energy difference is the driving force for
the martensite reaction. The transformation upon cooling (forward transformation) begins at the
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Table 2.1: Summary of the of the known crystal structure, space group and lattice parameters of
the phases present in the composition range of interest of this work.
Phase Prototype Space Group
Cell Parameters
Reference
lattice parameter (nm) angle
Ti3Pt Cr3Si Pm3n a = 0.5032 α = 90◦ [21]
b = 0.5032 β = 90◦
c = 0.5032 γ = 90◦
α-TiPt AuCd Pmma a = 0.455 α = 90◦ [22]
b = 0.273 β = 90◦
c = 0.479 γ = 90◦
β-TiPt CsCl Pm3m a = 0.3192 α = 90◦ [8]
b = 0.3192 β = 90◦
c = 0.3192 γ = 90◦
martensite start temperature Ms and finishes at the martensite finish Mf when all the austenite phase
has transformed to martensite. Similarly, upon heating (reverse transformation), austenite begins
to form at the austenite start temperature As and the complete transformation ends at the austenite
finish temperature Af (Figure 2.4).














Figure 2.4: Schematic of the martensitic transformation (MT) showing the characteristic tempera-
tures involved during the transformation
Figure 2.5 shows the structural relationship between the austenite TiPt-β and the martensite
TiPt-α during the martensitic transformation which can be described as a shear shuffle of the
(110)B2 basal plane along the [110]B2 direction necessary to create the B19 structure [4].








Figure 2.5: Structural relationship between the parent B2 phase (TiPt-β) and the martensite B19
(TiPt-α). Martensitic transformation can be described as a shear shuffle of the (110)B2 basal plane
along the [110]B2 direction necessary to create the B19 structure [4].
sis during the thermal cycle as shown in Figure 2.4. The reverse transformation does not occur
in the same temperature interval as that in which the forward transformation occurs. Reversible
martensitic transformations (also known as thermoelastic transformations) are characterized by
small hystereses compared to a non-reversible martensitic transformation. For example, thermoe-
lastic transformations in the Au-47.5 at.% Cd alloy exhibit a hysteresis of the order of 15 K, while
the non-thermoelastic transformation in the Fe-30 wt.% Ni alloy exhibits a hysteresis of the order
of 400 K [23, 24]. This large temperature difference is indicative of a large driving force needed
in this alloy to nucleate the transformation and the interface austenite/martensite is immobile once
the martensite grows to some size; therefore, making the reverse transformation irreversible. In
the former system, the interface is very mobile upon cooling and heating favoring the reversibility
of the martensitic transformation, so little driving force is required to accomplish the transforma-
tion [24].
In general, the MT in alloys occurs by shear distortion of the austenite lattice structure which
is achieved by the movement of the interface that separates the austenite phase from the martensite.
This shear takes place along a specific plane called the habit plane which is usually assumed to
be an undistorted plane. As the interface moves, atoms in the lattice structure of the austenite
phase are realigned into the lattice of the martensite phase. The phenomenological theory for
martensitic transformation states that to reduce the strains introduced to the martensite, an invariant
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plane strain condition is required. However, a shear component is still not eliminated under this
condition and, therefore, a step of strain accommodation is necessary in SMAs. This is achieved
by the combination of favorable habit planes by a mechanism known as self-accommodation of
martensites. These habit planes are twin related to each other [6,24]. This state of strain generated
in the lattice of the martensite could be either elastic or plastic or a combination of both, which is
an important consideration if the martensitic transformation is reversible or not.
If the strain generated in the martensite is elastic, the boundaries between the martensite and
the austenite phases are able to move both easily and reversibly. Thus, if martensite is formed
on cooling, then on reheating the specimen, the martensite reverts to the austenite. If recooled,
martensite reappears. This cycle can be repeated again and again, and no macroscopic shape
change is observed. On the contrary, if plastic deformation is introduced in the martensite, then the
boundaries between the martensite and the austenite become immobile by the dislocation structure
that results from the growth of the martensite. In this case, upon heating the austenite is forced to
nucleate inside the martensitic phase. This means that the martensitic transformation is irreversible.
2.2.1 Thermodynamics of the Thermoelastic Martensitic Transformation
The reversibility of the martensitic transformation (thermoelastic transformation) was pre-
dicted by Kurdjumov and Khandros [11]. Because martensitic transformations are not associated
with a compositional change, the free energy of the austenite and martensite phases can be repre-
sented schematically as is shown Figure 2.6, where GA is the free energy of the austenite phase,
GM is the free energy of the martensite phase, To is the equilibrium temperature between these two
phases, ∆GM→A is the driving force for the forward transformation, ∆GA→M is the driving force
for the reverse transformation, ∆TF is the undercooling required for the martensitic transformation
in the forward direction, while ∆TR is the superheating required for the martensitic transformation
in the reverse direction [24].











Figure 2.6: Schematic representation of the free energy curves for the austenite and martensite
phases. ∆TF is the undercooling required for the martensitic transformation in the forward di-
rection, while ∆TR is the superheating required for the martensitic transformation in the reverse
direction.
non-chemical forces. The equilibrium condition for the forward transformation from the austenite
to the martensite phase may be written [23]:
∆GA→M = −∆GA→Mch + ∆GA→Mnch = 0 (2.1)
where ∆GA→Mch is the chemical component of the Gibbs free energy and ∆G
A→M
nch is the non-
chemical component. The non-chemical part can consist of a number of parts; the most important








The elastic portion in Equation 2.2 is primarily due to the energy stored in theA/M interfaces
and to the elastic strains due to the creation of martensite, which has a slightly different volume
than the austenite. In turn, the frictional losses include the work done in moving the martensite
interfaces, the energy losses associated with the creation of internal defects induced by the trans-
formation (such as stacking faults and twin boundaries), and the partial plastic accommodation
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arising from volume and shape changes associated with the transformation. The most important
of these losses are those due to the motion of the interfaces. These frictional losses result in the
thermal hysteresis loss.
2.2.2 Shape Memory Effect
According to Kumar and Lagoudas [6], when the austenite phase is cooled below the Mf
temperature, the martensitic transformation results in the formation of several martensitic vari-
ants which arrange in such a way that the macroscopic shape change is negligible. This form of
martensite is known as twinned martensite. A schematic of this transformation path is shown in
Figure 2.7a. If a load above the σs (detwinning start stress) is applied to the twinned martensite
at temperatures below Mf the martensite can be “detwinned”, and therefore, several variants can
reorient into a preferred variant resulting in a detwinned martensite. In this case, a macroscopic
shape change occurs and the deformed configuration is retained after the load is released. When
the detwinned martensite is heated to a temperature above Af the crystal structure transforms back
to austenite, and the original shape of the SMA is regained. The cycle can be repeated obtaining
again twinned martensite below theMs temperature. This second path is called the Shape Memory
Effect (SME) (or one-way SME) and is presented in Figure 2.7b.
2.2.3 Superelastic Effect (SE)
The SE is associated with the stress-induced transformations of austenite to martensite. It oc-
curs when the austenite phase is subjected to a mechanical load at temperatures slightly above the
Af . By applying a stress above the σf (detwinning finish stress), the austenite transforms to a fully
detwinned martensite. If the temperature of the material is above Af , a complete shape recovery
is achieved upon unloading the specimen when martensite returns to austenite. A common pseu-
doelastic path is schematized in Figure 2.8a in which an isothermal superelastic test is performed.




Figure 2.7: (a) Schematic of the twinned martensite which transforms upon cooling in the ab-
sence of an applied load, while (b) shows a schematic of the detwinned martensite which forms at
low temperatures when a sufficient high load is applied to reorient the martensitic variants into a
preferred orientation (from [6]).
applied to the austenite which, in turn, undergoes elastic deformation. At σMs the austenite phase
starts to transform to martensite. ii) From B→C the martensitic transformation proceeds until the
stress σMf is achieved. At this point the MT ends. iii) C→D Subsequent increase in the stress
does not cause further transformation, only elastic deformation of the martensite. iv) D→E The
martensite begins to unload elastically. At the stress σAs the reverse transformation takes place and
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austenite begins to form. v) E→F The reverse transformation continues until at σAf the martensite




Figure 2.8: The austenite phase existing at a temperature above Af is subjected to a stress above
σMf resulting in fully detwinned martensite. When the specimen is unloaded the austenite phase
is fully recovered. This is known as superelastic effect (from [6]).
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2.3 Organization of the thesis
The remainder of this dissertation is organized into two major chapters. Chapter 3 will treat
the characterization of the new phases observed in the microstructure of the as-cast and heat treated
alloys presented in Chapter 4. Selected Area Diffraction (SADP) and Convergent Beam Electron
(CBED) patterns were obtained using transmission electron microscopes located both at the Col-
orado School of Mines and at the NASA Glenn Research Center
Chapter 4 will treat the results related with the findings encountered in as-cast and heat treated
alloys whose composition ranges between 30-50 at.% Pt and their relationship with the phase
diagram proposed by Biggs et al. [1]. The discussion will be centered on the possible path of phase
transformations and a possible modification of the phase diagram. Finally, an overall conclusion




The microstructures from the as-cast and heat treated alloys revealed the presence of phases
that have not been characterized previously such as Ti4Pt3, and other phases that are new in the
Ti-Pt phase diagram such as Ti5Pt3, a globular phase observed in the low platinum alloys (Ti/Pt
ratio∼4), both of which seem to be stabilized by interstitials as it will be shown below. The purpose
of this chapter is to report the structures and compositions of these phases. In addition, another
phase was also identified and appears to also be due to contamination.
3.1 Experimental Methodology
Six alloys, namely Ti-34Pt, 39Pt, 42Pt, 44Pt and 50Pt (at.% Pt) were prepared at the NASA
Glenn Research Center by non-consumable arc melting high purity starting components Ti (99.995
wt.%) and Pt (99.995 wt.%) together in the appropriate proportions. Since platinum (21.45 g/cm3)
is almost five times denser than titanium (4.5 g/cm3) and has a slightly higher melting temperature,
the buttons were flipped and remelted several times in order to insure complete melting and mixing.
In spite of these efforts to insure mixing, problems were occasionally encountered in the form of
unmelted Pt and this was taken into account in the different analyses.
While various characterization methods were employed, the structural analysis was done
mostly using analytical and high resolution transmission electron microscopy. A Phillips 400T
and a Phillips CM12 transmission electron microscopes operated at 120 kV accelerating voltage,
and a Phillips CM200 operated at 200 kV accelerating voltage were employed for these analyses.
SEM/EDS analyses were also used to characterize these alloys in order to obtain an indication of
the volume fraction, solidification structure and compositions of the various phases. Finally, elec-
tron microprobe analysis of the Ti-42Pt alloy was performed using a JEOL JXA 8200 Super Probe
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in order to determine the compositions of the various phases more accurately. Simulations of the
diffraction patterns was also performed using the commercial JEMS software [25].
3.2 Results
3.2.1 Ti-34Pt Alloy
According to the Ti-Pt phase diagrams proposed by Murray [3] and Biggs et al. [1], the Ti-
34Pt alloy falls at approximately the eutectic between Ti3Pt and TiPt (Figures 2.3b and 2.3c). The
as-cast microstructure of this alloy (Figure 3.1a) is clearly inconsistent with the published phase
diagram since, instead of the expected eutectic-like structure, there is a considerable volume frac-
tion of primary dendrites of a low atomic number phase with interdendritic regions that might
be eutectic in nature although they do not appear to be classical coupled growth regions. EDS
analysis of the primary dendrites in the SEM revealed that they are Ti3Pt while the higher Z in-
terdendritic regions are comprised of α-TiPt and Ti4Pt3 (Figure 3.1b) which is consistent with the
phases observed in the interdendritic regions of the Ti-35Pt and Ti-39Pt as-cast alloys (Figures 4.5b
and 4.6b).
TEM analysis revealed that the interdendritic regions were complex and consisted of multiple
phases (Figure 3.1c). Electron diffraction analysis revealed that, in addition to Ti3Pt, there were
four different phases in these regions. These include the α-TiPt (martensite) and three other “new”
phases. Two of these three phases were found to have Pt contents intermediate to both TiPt and
Ti3Pt while the third (small globular phase) had a Ti/Pt ratio of ∼4. In addition, this analysis
confirmed the presence of the cubic (a = 0.503 nm) Ti3Pt phase (Figure 3.2). The characterization
of these new phases will be summarized below followed by a discussion of the microstructural






























































Figure 3.1: Low magnification (a) and high magnification (b) BEIs of the Ti-34Pt as-cast alloy
showing the primary dendrites of Ti3Pt (dark phase) and multi-phase interdendritic eutectic com-
prised of Ti4Pt3 and α-TiPt (which transforms from β-TiPt upon cooling). (c) Bright Field TEM
(BFTEM) of the interdendritic regions of the Ti-34Pt as-cast alloy. As can be seen there are multi-
ple phases in these regions including three that are actually new phases, namely Ti5Pt3, Ti4Pt3 and
the globular phase.
3.2.1.1 Faulted Phase: Ti4Pt3 This highly faulted phase is observed in both the


















































Figure 3.2: Convergent Beam Patterns (CBPs) and SADPs of the Ti3Pt phase in Figure 3.1a: (a)
〈011〉 CBP and (b) 〈111〉 CBP and (c) 〈001〉 SADP. These patterns are consistent with the cubic
structure of Ti3Pt (a = 0.503 nm).
dendrites). The composition of this phase was analyzed using EDS in the TEM and was found to be
approximately 36 at.% Pt although, as will be shown below, Wavelength Dispersive Spectroscopy
(WDS) measurements indicated a higher Pt concentration (∼ 41 at.% Pt). Thus, this appears to
be consistent with the Ti4Pt3 phase (41.7 – 43.4 at.% Pt) that was reported by Biggs et al. [1].
The analysis of this phase was rather cumbersome because of the faulting and the large lattice
parameters.
In such heavily-faulted structures, the symmetry is difficult to resolve in convergent beam
patterns and, therefore, one has to rely on careful tilting experiments and/or finding regions that
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contain fewer or no faults. Even so, by using a combination of selected area electron diffraction,
convergent beam electron diffraction and careful tilting experiments, it was determined that the
heavily-faulted phase had a complex structure with considerable streaking in the resulting selected
area diffraction patterns (SADPs). The latter indicates the likely presence of planar faults (e.g.,
twins, antiphase boundaries, or polytype boundaries). Another example of this type of highly
faulted phase is encountered in the Ni-Co binary system with a cubic structure [26]. SADPs from
some of the major zones are shown in Figure 3.3 and it is apparent that the spot spacings are
very close together indicative of the large d-spacings/lattice constants mentioned above. As can
be seen in this figure, the closely-spaced systematic row that includes the transmitted beam is not
as heavily streaked as the adjacent parallel rows. This commonly occurs in materials that contain
a high density of closely-spaced twins where the unstreaked row corresponds to the twin plane
common to both matrix and twin or to the plane that is common to the two variants on either side
of the boundary. The spacings of these closely-spaced spots correspond to a large d-spacing of
∼ 2.36 nm.
When the sample was tilted along the Kikuchi band orthogonal to this row of spots, the major
zones were found to repeat approximately every 60◦, which is typical of hexagonal or trigonal
structures with 6-fold or 3-fold symmetry, respectively. Thus, the structure was tentatively indexed
with hexagonal indices of a ∼ 0.8 nm and c ∼ 2.36 nm. The spacings of the rows (rather than the
spots within these rows) orthogonal to the “0001” systematic row are consistent with this indexing
scheme as indicated in the Figure 3.3.
In an effort to determine the point and space groups of this faulted phase, a considerable
amount of material was examined in an attempt to find regions free of faults. Fortunately, such re-
gions were observed occasionally (Figures 3.4a and 3.4b) and, SADPs obtained from these regions
(Figures 3.5a and 3.5b) were found to contain readily resolvable diffraction spots that were not
obscured by the streaking. Close examination of the 〈1120〉 and 〈1100〉 SADPs revealed that there
are no systematic rows of diffraction spots that are orthogonal to the 000l row as would be the case
























Figure 3.3: SADPs from the faulted Ti4Pt3 phase in Figure 3.1c. As discussed in the text, the
spacing of the spots in the unstreaked row and the spacings orthogonal to this row are readily
indexed using hexagonal indices with a ∼0.8 nm and c ∼ 2.36 nm (included in the table).
trigonal, e.g., 3m, then the 〈1120〉 patterns would not contain orthogonal rows whereas the 〈1100〉
patterns would.
Furthermore, the 〈1100〉 Convergent Beam Pattern (CBP) (Figure 3.6a) has no horizontal or
vertical mirror. Therefore, it is concluded that the structure of the Ti4Pt3 phase, at least at lower
temperatures, does have a low symmetry and that the faulting in this pseudo-hexagonal phase is
related to the transformation from the higher symmetry β-TiPt phase where the faulting appears to
be related to the twin-related variants of the product phase. This assumption is based on the lack















Figure 3.4: BFTEM (a) and high resolution electron micrograph (HREM) (b) of a region of the
faulted phase in the Ti-34Pt as-cast alloy that appears to contain no faults. This was rare as,




Figure 3.5: SADP of the [1120] (a) and [1100] (b) zones (referred to the hexagonal indices) of an
unfaulted region of the faulted phase revealing the lack of a mirror plane in the zero order Laue
zone. Thus, the symmetry of this pattern is either 2 or 1.
The lattice parameters are unknown but must be related to the pseudo-hexagonal parameters
where a ∼ b ∼0.80 nm and c ∼2.36 nm. The [0001] SADP from this phase (Figure 3.6b) appears
to be 3-fold or 6-fold with no streaking in the SADPs consistent with the faulting on the basal
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planes lying orthogonal to the electron beam. The volume of this cell is ∼ 1.3 nm3 which, when
compared to that of the B2 structure (∼ 0.27 nm3 with 2 atoms per cell), indicates that this structure
probably has on the order of 96 atoms per unit cell. Clearly, further work is required to determine





Figure 3.6: (a) 〈1100〉 CBP of an unfaulted region of the “faulted” pseudo-hexagonal phase Ti4Pt3.
While it appears that there might be two orthogonal mirrors, the lack of a 0001 mirror in the 〈1120〉
pattern (Figure 3.5a) and the observed Kikuchi bands at high angles (marked) that are not mirrored
to the bottom indicate that the whole pattern symmetry is 1-fold. (b) SADP of the faulted phase
taken near B= 〈0001〉. As can be seen, the spot spacings and the angles between the systematic
rows are very close to those expected for a 3-fold or 6-fold axis.
3.2.1.2 Ti5Pt3 Phase This unknown phase was observed in the heat treated alloys
and, also, in the Ti-42Pt and Ti-44Pt as-cast alloys. It contains a slightly lower platinum content
than the Ti4Pt3 phase and can be seen as the medium gray phase in the BEIs presented in Sec-
tions 4.2 and 4.3. Convergent beam and selected area electron diffraction were used to analyze
this phase and the results are shown in Figures 3.7a to 3.7c. First of all, the CBPs in Figure 3.7a
have 6mm projection and whole pattern symmetries and, therefore, a diffraction group of either
6mm or 6mm1R. Likewise, the CBPs in Figures 3.7b and 3.7c have 2mm projection and whole
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pattern symmetries and a corresponding diffraction group of 2mm or 2mm1R. Using the tables in
Buxton et al. [27], these two zones can be used to determine that 6/mmm is the only consistent





Figure 3.7: CBPs from the Ti5Pt3 phase in the Ti-Pt alloys along (a) 〈0001〉, (b) 〈1120〉 and (c)
〈1100〉 directions. Note that the patterns in (a) are 6mm while those in (b) and (c) have 2mm
symmetry in the whole pattern consistent with the 6/mmm point group. Also, note the dynamic






The space group of this hexagonal phase was readily determined by noting the various dy-
namic absences and kinematic extinctions. For example, the [1100] CBP (Figure 3.7c) contains
dynamic absences in the 000l (l = 2n + 1) reflections. This is consistent with either a two-fold
screw axis (or equivalent 6-fold screw axis) along [0001] and/or a {1120} glide plane. Further, the
extinctions in Figure 3.8c are clearly of the type 000l, l = 2n + 1 and hh0l, l = 2n + 1. This is
different than the standard extinction conditions for typical hexagonal metals and alloys (e.g. Ti)
which have the P63/mmc space group with extinctions of the type hh2hl, l = 2n + 1. Thus, con-
sidering the information revealed by the CBPs (Figures 3.7a to 3.7c) and the SADPs (Figures 3.8a
to 3.8c) the space group of the current phase is P63/mcm. Based on this space group, the lattice
constants are readily determined to be a ∼ 0.8 nm and c ∼ 0.5 nm. Using EDS data, the compo-
sition of this phase was found to be approximately 37 at.% Pt, intermediate to the Ti3Pt and Ti4Pt3
phases.
A sample of the Ti-42Pt alloy was heat treated to 1200 ◦C for 4 hours in order to coarsen and











Figure 3.8: SADPs from the Ti5Pt3 phase in the Ti-Pt alloys along (a) 〈0001〉, (b) 〈1120〉 and (c)
〈1100〉 directions used to determine the lattice parameters and extinctions of this structure.
ent than the as-cast material (Figures 4.7a to 4.7c) and contained an intermediate Z phase in the
interdendritic regions, Ti5Pt3, and small particles of a low Z number phase. A high magnification
BEI of a sample of this alloy heat treated at 1260 ◦C for 2 hours followed by WQ is presented in
Figure 3.9b to confirm the presence of the small particles of low Z number. In an effort to obtain
a more quantitative analysis of the compositions of these new phases, this sample was examined
by electron microprobe analysis. The results are shown in Table 3.1. As can be seen, the matrix
composition (point 3) is from the Ti4Pt3 phase and is measured to be approximately 59Ti-41Pt
which is richer in Pt than was measured using EDS above. Likewise, the high Z phase (point 5)
appears to be slightly enriched in Pt, consistent with it being the martensitic phase, α-TiPt, with
some percentage of the faulted phase. The interdendritic regions contain 3 phases all of which
are depleted in Pt relative to the matrix phases. The highest Z phase in this region is the Ti5Pt3,
hexagonal P63/mcm, phase with a composition Ti-36.2Pt. The intermediate Z phase corresponds
to Ti3Pt phase with a composition Ti-29.9Pt.
Electron Probe Micro-Analysis (EPMA) results for the low Z phase in the interdendritic re-
gions was measured to be Ti-21.8Pt-3.2C-15.4N. This phase corresponds to the Ti4Pt phase ob-
served also in the as-cast alloys. The compositional results indicate that there is a significant
interstitial content in this phase, which is in agreement with the EDS spectrum collected from this
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Figure 3.9: Ti-42Pt alloy (a) heat treated at 1200 ◦C for 4 h followed by WQ. The microstrcuture
reveals the presence of five phases, namely Ti3Pt, Ti4Pt3, α-TiPt, Ti5Pt3 and Ti4Pt. WDS measure-
ments reveal that the small particles of low Z number contain a significant amount of interstitials
(C and N) and that corresponds to the “Ti4Pt” phase. This result suggests that this phase is sta-
bilized by interstitials during solidification and heat treatment. (b) Heat treated at 1260 ◦C for
2 h+WQ containing primary dendrites of β-TiPt (which transformed to α-TiPt upon quenching),
Ti3Pt, Ti5Pt3 and Ti4Pt.
Table 3.1: Composition of the various phases observed in the microstructure of the Ti-42Pt as-cast
alloy heat treated at 1200 ◦C for 4 h determined using Wavelength Dispersive Spectroscopy (WDS)
in the EPMA.
Location Contrast Ti Pt C N Ti/Pt Phase
1 light gray 63.8 36.2 - - 1.8 Ti5Pt3
2 dark gray 70.1 29.9 - - 2.3 Ti3Pt
3 matrix 58.8 41.2 - - 1.4 Ti4Pt3
4 black 59.6 21.8 3.2 15.4 2.7 “Ti4Pt”
5 white 56.5 43.5 - - 1.3 α-TiPt
Additional WDS measurements were carried out on one Ti-42Pt alloy heat treated at 1300 ◦C for
5 h followed by WQ (HT5), and another sample of the same alloy heat treated at 1100 ◦C for 168
h followed by a second heating at 1300 ◦C for 240 h (HT6) to determine the oxygen content of
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the different phases present in these heat treated microstructures. The microstructures reveal the
presence of Ti3Pt, Ti4Pt3, α-TiPt, Ti4Pt and Ti5Pt3. The results are summarized in Table 3.2.
Table 3.2: Platinum, titanium and oxygen content of the phases observed in the Ti-42Pt alloy




Ti3Pt 29.2 70.6 0.2
Ti5Pt3 34.9 60.8 4.6
Ti4Pt3 41.1 58.2 0.7
α-TiPt 46.6 53.4 0.0
3.2.1.3 Globular Ti4Pt(C,N) Phase This phase was observed in the Ti-31Pt and Ti-
34Pt as-cast alloys (Figures 3.1c and 4.4b), and in the Ti-42Pt heat treated alloy. SAD and CBED
analysis of this small globular phase revealed that its structure was inconsistent with anything in
the Ti-Pt diagram. The CBP in Figure 3.10a has 4mm whole pattern symmetry and either the 4mm
or 4mm1R diffraction group while that in Figure 3.10b has 3m whole pattern symmetry and the
6RmmR diffraction group. The CBP in Figure 3.10c has 2mm whole pattern symmetry and either
the 2mm or 2mm1R diffraction group. Using this information, it is possible to determine the point
group of this phase as m3m.
The space group of this phase was determined by noting that the structure was fcc-like except
that all the odd reflections (e.g., 111) were considerably weaker than the all even reflections (e.g.,
200) (e.g., see Figure 3.10d). This is common for compounds with the NaCl (B1) structure where
the structure factors for odd reflections may be considerably lower than for even reflections (for
NaCl, F = 4(fNa + fCl) for even reflections and F = 4(fNa − fCl) for odd reflections). Thus, the
space group of these small globular particles is Fm3m and the structure probably has a B1 struc-
ture similar to NaCl. Based on this analysis, the lattice parameter of this phase was measured and













Figure 3.10: (a) 〈001〉, (b) 〈111〉 and (c) 〈011〉 CBPs from the globular Ti4Pt phase. The symme-
tries of these patterns are consistent with an m3m point group and the observed forbidden reflec-
tions with an Fm3m space group. The weak odd reflections in the 〈011〉 SADP in (d) indicate a B1
(NaCl) ordering.
in Ti alloys, or in Ni-base superalloys that contain Ti, has the NaCl structure but the odd reflec-
tions are relatively strong due to the low atomic scattering factor of the interstitial elements for
electrons which do not greatly impact the relative intensities of the odd and even reflections (i.e.,
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4(fTi+fC)∼4(fTi-fC)). In addition, the lattice parameter of this phase is normally slightly larger that
0.4 nm as opposed to 0.8 nm which indicates that the small globular particles in the interdendritic
regions are a different phase.
EDS analysis of this phase revealed that the Ti/Pt ratio was ∼4 which is higher than that of
any of the other phases. Since the primary phase in this alloy is the Ti3Pt phase, it is concluded
that this phase is an interstitial phase that presumably forms from the last liquid which rejects the
interstitial elements from the other phases. The size and location of these small globular particles
is consistent with this scenario.
3.2.2 Discussion
The presence of an intermetallic phase corresponding to a Ti4Pt3 type of stoichiometry be-
tween Ti3Pt and TiPt confirms the report of an intermediate phase by Biggs et al. [1]. In addition
a second intermetallic phase, Ti5Pt3, and an interstitial phase Ti4Pt(C,N) have also been observed
in this portion of the phase diagram and greater detail concerning the crystal structures of all three
phases have been provided above. These phases and their structures are summarized in Table 3.3.
As mentioned previously, neither of the two binary intermetallic phases exists in the Ti-Pt phase
diagram published by Murray [3].
The Ti5Pt3 phase was present in some of the as-cast alloys (42Pt and 44Pt) and in the heat
treated alloys. This suggests that its formation requires the presence of interstitial atoms, espe-
cially oxygen, to allow its stabilization in the microstructure. This is achieved when the remaining
liquid gets enriched in impurity atoms during solidification and, when the diffusion of interstitial
atoms increases with increasing temperature during heat treatment. In general, the microstructures
revealed that the Ti5Pt3 phase nucleates and grows mostly on Ti3Pt/Ti4Pt3 interfaces.
Biswas and Schubert [28] reported what are likely isostructural phases with the Mn5Si3 pro-
totype structure (Table 3.4), namely Zr5Pt3, Zr5Ir3 and Hf5Ir3, with lattice parameters a ∼ 0.80
nm and c ∼ 0.54 nm. These authors were the first to report compounds showing the Mn5Si3-type
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Table 3.3: Lattice constants and space groups of the new phases observed in the as-cast and heat
treated alloy Ti-Pt alloys.
Phase Space
Group








a ∼ 0.8, c ∼ 0.5 Ti-36Pt Isostructural with Zr5Pt3
phase
Ti4Pt3 Unknown a ∼ 0.8, c ∼ 2.36
(pseudo-hexagonal
indices)
Ti-41Pt Faulted phase with
pseudo-hexagonal
structure
structure in which both components are transition elements. Later, Cenzual and Parthé [29] found
that Zr5Ir3 and Hf5Ir3 posses a superstructure of the hexagonal Mn5Si3 phase where c = 3cMn5Si3 .
They refined the structure and concluded that these compounds belong to the P6122 (hP48) space
group that contain 48 atoms. The atoms positions for these phases with P6122 (hP48) space group
are summarized in Table 3.4.
Table 3.4: Crystallographic information of several Nowotny phases with the Mn5Si3 prototype
structure.
Phase Prototype Space Group a,b,c atom positions Ref.
(Pearson Sym.) Å atom loc. x y z occ.
Mn5Si3 Mn5Si3 P63/mcm a=b=6.912 Mn1 4d 0.3333 0.6667 0.0000 1.00 [30]
(hP16) c=4.812 Mn2 6g 0.2360 0.0000 0.2500 1.00
Si1 6g 0.5595 0.0000 0.2500 1.00
Zr5Ir3 P6122 a=b=7.9306 Zr1 12c 0.2384 0.0062 0.3396 1.00 [29]
(hP48) c=17.01 Zr2 6a 0.2480 0.0000 0.0000 1.00
Zr3 6b 0.3710 0.7420 0.2500 1.00
Zr4 6b 0.6557 0.3114 0.2500 1.00
Ir1 12c 0.4137 0.0817 0.1444 1.00
Ir2 6a 0.6111 0.0000 0.0000 1.00
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In addition, the same Mn5Si3-type structure have been observed in different alloy systems
containing rare-earth elements [31–35]. Phases with this type structure are known as Nowotny
phases because extensive studies on this phase were carried out by Nowotny and coworkers [36–
41].
More recently, Leonard et al. [42] reported an ω phase with P63/mcm space group in ternary
Nb-Ti-Al alloys with somewhat similar lattice constants (a ∼ 0.796 nm and c ∼ 0.557 nm). While
it is not clear whether this is an isostructural phase, it is tempting to speculate that it might be
related to the Ti5Pt3 phase. Having said that, there is no indication in the present study that Ti5Pt3
phase forms from the cubic B2 β-TiPt phase as is clearly the case in the Nb-Ti-Al alloy.
Several compounds with the stoichiometry A5B3 and Mn5Si3-type structure can be obtained
in its pure form or stabilized by interstitials atoms, namely B, C, N, O and other elements, without
changing the basic structure and space group. Some examples of interstitial stabilized compounds
include Zr5Sb3X (X=C, O, Zn, Si), (Ca,Ba)5Sb3Cl, Zr5Sn3X (X=C, O, Ge, Ga), Zr5Sn3X (X=B, C,
N, O, Cu), Zr5Pb3Zn, La5Ge3X (X=N, O, Cr), Ca5Pb3X (X=Mn, Fe) and some La5Ge3Z [43]. The
fact that the Mn5Si3-type structures can act as a host for interstitials elements is interesting in light
of the microstructural observations made in Chapter 4, and allows one to conclude that Ti5Pt3O
may be classified as a “stuffed” phase with the Mn5Si3-type structure.
The crystal structure characterization carried out in the previous sections revealed that the
Ti4Pt3 and Ti5Pt3 phases are structurally related. The microstructures of the as-cast and heat treated
alloys confirmed that Ti5Pt3 transforms from Ti4Pt3 after sufficient oxygen content is present to al-
low its stabilization. The results presented in Chapter 4 revealed that Ti4Pt3 is able to transform
directly from β-TiPt either via partitionless transformation during solidification (β-TiPt→ Ti4Pt3)
or with partition of β-TiPt→ β-TiPt+Ti4Pt3 at approximately 1230 ◦C, depending on the compo-
sition of the β-TiPt phase. However, as noted above, the SADPs from the faulted Ti4Pt3 phase are
such that they appear to have originated from a hexagonal structure at high temperatures. Addi-
tional studies are necessary to confirm if this is possible.
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These two phases share the same a ∼ 0.8 nm lattice parameter. Closer examination of the
patterns in Figure 3.3 reveals a series of strong reflections that do appear to lie in orthogonal rows
as expected for a hexagonal structure (these are highlighted with a red box). Thus, an attempt was
made to overlay the basal and non-basal patterns from the common zones and the results shown in
Figures 3.11a to 3.11c are supportive of this speculation, i.e., the reflections in the 〈0001〉, 〈1123〉


































Figure 3.11: (a) B = 〈0001〉 of both Ti5Pt3 and Ti4Pt3 phases, (d) B = 〈1123〉 of Ti5Pt3 (left side)
and both phases (right side) and (e) B = 〈1122〉 of Ti5Pt3 (left side) and both phases (right side).
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Several A4B3-type structures are reported in the literature. Wilson et al. [44] refined a powder
diffraction obtained from Zr4Al3 using CuKα radiation; they determined that this phase have a
hexagonal crystal structure with P6 space group and a = 5.433 Å and c = 5.390 Å. It transforms
via a peritectoid transformation [45]. Palenzona and Iandelli [46] examined several rare-earth
compounds of the type M3Pd4 (M=Y, Th, Hf and U) and determined that they crystallized with the
Pu3Pd4-type structure with R3 space group with lattice parameters a ∼ 13 Å and a ∼ 5.8 Å. Fur-
thermore, Cenzual et al. [47] corrected the crystal structure of several compounds with monoclinic
structure in which a 3-fold axis was overlooked. They computed the refinement and determined
that Te4Pt3 possesses a trigonal structure with R3m space group and lattice parameters a = 3.988
Å and c = 35.39 Å. Preliminary results of XRD and neutron diffraction experiments are summa-
rized in Appendix A. Therefore, it is necessary to check if any of these possible structures match




In light of the poor understanding of the Ti-Pt phase diagram in the composition range 30-50
at.% Pt, several alloys in this range were prepared and analyzed in the as-cast and heat treated
conditions. The purpose was to verify if the microstructures are in agreement with the Biggs’
phase diagram and to confirm the existence of the peritectoid reaction proposed by Biggs and
coworkers [1].
4.1 Experimental Methodology
Five alloys, namely Ti-31Pt, 35Pt, 39Pt, 42Pt and 44Pt (at.% Pt) were prepared at the NASA
Glenn Research Center by non-consumable arc melting high purity Ti (99.995 wt.%) and Pt
(99.995 wt.%) together in the appropriate proportions. Since platinum (21.45 g/cm3) is almost
five times denser than titanium (4.5 g/cm3) and has a slightly higher melting temperature, the but-
tons were flipped and remelted several times in order to insure complete melting and mixing. In
spite of these efforts to insure mixing, problems were occasionally encountered in the form of
unmelted Pt and this was taken into account in the different analyses.
4.1.1 Differential Thermal Analysis (DTA) and Heat Treatment
DTA was performed on four of the six alloys in a Netzsch Differential Scanning Calorimeter
(DSC 404 C) and in a Netzsch Simultaneous Thermal Analysis (STA 409 C), both using the heat
flux Differential Scanning Calorimetry mode (HF-DSC). Both instruments consist of a single fur-
nace and two crucibles with thermocouples. One crucible is for the sample being tested and the
other is for a reference material, in this case, an empty Al2O3 crucible. The mass of the samples
ranged from approximately 30 to 200 mg. The samples were heated and cooled twice from room
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temperature to 1300 ◦C at a rate of 20 ◦C/min in an alumina crucible. The furnace was evacuated
and purged with Argon gas three times before the experiments to minimize contamination effects.
Finally, a continuous flow of argon of 64 mL/min was maintained during the experiments.
The results were used to design the heat treatments and verify the presence of the phase
transformations described by Murray [3] and Biggs et al. [1] in the composition range of interest.
The results of the DTA experiments for the second heating/cooling cycle are shown in Figure 4.1.
According to the experiments, a peak between 1220 and 1235 ◦C is observed during heating in
all the curves with variations in intensity. This peak falls in the same temperature range observed
by Biggs et al. [1] that resulted in the proposition of a peritectoid transformation by these authors.
A lower temperature peak between 930 and 1050 ◦C is observed in all the alloys on heating, but
in the low platinum alloys, this peak has an intensity much lower compared to the 39Pt and 44Pt
alloys. This peak falls in the temperature range of the martensitic transformation of the TiPt phase
(B19B2).
The DTA scan on the Ti-44Pt alloy revealed the presence of two additional peaks on cooling,
compared with the other alloys, at 1014 ◦C and 963 ◦C but no additional peaks were observed
on heating within the same temperature range. Biggs et al. [48] observed two additional peaks
on cooling and one additional on heating in alloys 43 and 50 at.% Pt. They explained that these
additional peaks corresponded to intermediate phases between the β-TiPt (B2) and α-TiPt (B19)
phases. Later, it will be shown that there could be an alternative explanation for these peaks.
Based on these results, the alloys were heat treated at three different temperatures, namely,
1260 ◦C, 1050 ◦C, and 800 ◦C to bracket the peaks observed during the DTA experiments (see
Figure 4.2a(a)) and, consequently, to verify the correctness of the phase diagram proposed by
Biggs et al. [1]. Prior to heat treatment, the samples were cleaned, wrapped in Ta foil and en-
capsulated in quartz ampoules that were evacuated to less that 13 Pa (100 mtorr) and backfilled
with argon in order to minimize interstitial contamination; in this manner, any impurity-stabilized
phases would be minimized. Three sets of alloys were heated to 1260 ◦C, held for 2 h and then
39


































































































Figure 4.1: Differential thermal analysis results obtained for Ti-31Pt, 35Pt, 39Pt, and 44Pt alloys.
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one set was water quenched. The remaining sets were cooled to 1050 ◦C, held for another 2 h then
the second set was water quenched. Finally, the remaining set was cooled to 800 ◦C, held for 2 h
and water quenched, as is shown in the schematic in Figure 4.2a. A nomenclature for each of these











































Figure 4.2: (a) Ti-Pt phase diagram showing the alloys heat treated at three different temperatures
to bracket the peaks observed during the DTA experiments. (b) Schematic of the heat treatments
performed on the alloys.
Table 4.1: Nomenclature and description of the heat treatments performed on the alloys.
Nomenclature Description
HT1 as-cast sample heated to 1260 ◦C for 2 h followed by water quenching.
HT2 as-cast sample heated to 1260 ◦C for 2 h, furnace cooled to 1050 ◦C and main-
tained at this temperature for 2 h followed by water quenching.
HT3 as-cast sample heated to 1260 ◦C for 2 h, furnace cooled to 1050 ◦C and main-
tained at this temperature for 2 h, furnace cooled to 800 ◦C and maintained at
this temperature for 2 h followed by water quenching.
HT4 as-cast sample heated to 1260 ◦C for 2 h followed by air cooling.
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4.1.2 Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS)
Samples for metallographic and microstructural analysis in the SEM were sectioned from the
melted buttons and the heat treated samples using a low speed saw. The microstructure from the
bottom to the top of the melted buttons was considered for these analyses as Figure 4.3 shown.
Later, samples were prepared by standard metallographic techniques including grinding (240-320-
400-600 grit SiC papers), polishing (6-3-1 µm diamond suspension) and vibratory polishing that







Figure 4.3: Schematic of the location where the samples for metallographic and microstructural
analysis were obtained from the melted buttons.
All the SEM images presented in this thesis are backscattered electron images (BEIs) obtained
in a JEOL JSM-7000F Field Emission Scanning Electron Microscope (FESEM) using 15 kV ac-
celeration voltage and a medium probe current. Semi-quantitative compositional information on
the different phases was obtained using an EDAX Genesis Energy Dispersive Spectroscopy (EDS)
system. All the compositions measured were normalized using as a standard the composition of the
Ti-35Pt alloy measured at NASA Glenn Research Center summarized using Inductively Coupled
Plasma Atomic Emission Spectroscopy (ICP-AES) (Table 4.2).




Ti Pt O N C Ti Pt
31.1 68.8 0.0056 0.019 0.0033 64.8 35.2
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4.1.3 Transmission Electron Microscopy (TEM)
Samples for TEM analysis were sectioned with a low speed saw, thinned using 240-320-
400-600 grit SiC papers. Later, discs of 3 mm in diameter, with average thickness of 150 µm,
were obtained using an abrasive cutting machine. Then, the discs were dimpled on a VCR D500i
Dimpler, and finally ion-milled on a Gatan Model 600 Duomill. Micrographs and selected area
diffraction patterns (SADPs) were obtained using both a Phillips CM12 operated at 120 kV ac-
celerating voltage and a Phillips CM200 operated at 200 kV accelerating voltage. Compositional
information was obtained using an EDAX Genesis EDS system on the CM12 microscope, and a
PGT Prism EDS system on the CM200 microscope.
4.2 As-cast Microstructures
4.2.1 Hypoeutectic Alloy: Ti-31Pt
Backscattered electron images (BEIs) of the as-cast Ti-31Pt alloy (Figure 4.4a) indicate that
this alloy is hypoeutectic and consists of primary dendrites of Ti3Pt and interdendritic eutectic.
The compositions of the phases taken on the FESEM are summarized in Table 4.3. Further studies
in the TEM (Figure 4.4b) revealed that the “eutectic” is complex and composed of Ti3Pt (a partial
view of the dendrite is observed in the bottom left part of the image), α-TiPt (that transforms on
cooling from β-TiPt), a faulted phase that confirms the presence of Ti4Pt3 in the binary system,
and a small globular particle (white arrows) whose stoichiometry is close to “Ti4Pt” (see Chapter 3
for the characterization of this phase).







It is important to note that the composition of the interdendritic region corresponds to an
average composition of the phases encountered in that region and not to a particular phase. The
composition of the phases observed in Figure 4.4b was measured in the TEM and the EDS spec-
trum is presented in Figure 4.4c. The spectrum reveals that the particles of Ti4Pt contain more
titanium than the other phases (Ti/Pt∼3.9) and more oxygen, suggesting that this is an oxygen





Figure 4.4: Ti-31Pt alloy in the as-cast condition. (a) BEI. (b) TEM image from a region of the
eutectic observed in the BEI and a portion of Ti3Pt dendrites (bottom left part of the image). The
eutectic is comprised of Ti4Pt3, α-TiPt and particles of Ti4Pt (white arrows) in the interdendritic
regions. (c) The EDS spectra reveal that the particles of “Ti4Pt” contain more titanium and slightly
more oxygen than the other phases present in the microstructure.
4.2.2 Eutectic Alloy: Ti-35Pt
The Ti-35Pt alloy appears to correspond to the eutectic composition as there was essentially
no primary phase in the BEIs. Significantly however, the higher magnification micrograph (Fi-





























































namely Ti3Pt, Ti4Pt3, and α-TiPt, are presented in Table 4.4. Assuming the high Z regions are in-
dicative of the peritectoid transformation (β-TiPt+Ti3Pt→Ti4Pt3), it is clear from Figure 4.5b that
the peritectoid reaction does not go to completion, presumably because of sluggish transformation
kinetics, leaving untransformed β-TiPt, which in turn transforms to α-TiPt upon cooling through
the lower temperature DTA peak at approximately 930 ◦C.





Ti-35Pt 29.0 41.7 44.0
(a) 1,000X
Figure 4.5: Ti-35Pt in the as-cast condition. It appears to correspond to the eutectic composition
because no primary phase is observed (a). The TEM image (b) reveals that the peritectoid trans-
formation does not go to completion leaving β-TiPt that transforms into α-TiPt via the martensitic












4.2.3 As-Cast Ti-39Pt Alloy
This alloy (Figure 4.6a) is a hypereutectic alloy consisting of dendrites of Ti4Pt3, confirmed
with TEM (Figures 4.6c and 4.6d), that apparently transformed from the primary β-TiPt dendrites
expected from the phase diagram, and eutectic in accordance with the phase diagram. A halo of
Ti3Pt forms around the primary dendrites of β-TiPt separating the dendrites from the interdendritic
eutectic. Also, a layer of α-TiPt is observed near, but not at, the periphery of the primary dendrites
as well as in the high Z regions in the interdendritic eutectic (Figure 4.6b); as will be discussed
further below, this appears to be inconsistent with the peritectoid transformation proposed by Biggs
and coworkers. The Ti5Pt3 was not possible to resolve in the FESEM, but TEM confirms its
presence (Figure 4.6c). The compositions of the phases are summarized in Table 4.5 along with
the compositions measured for the 42Pt and 44Pt alloys.
Table 4.5: Pt content of the phases observed in the as-cast Ti-39Pt, 42Pt and 44P alloys determined
by EDS in the FESEM.
Alloy
Phase, at.% Pt
Ti3Pt Ti5Pt3 Ti4Pt3 α-TiPt
Ti-39Pt 29.3 a 40.7 44.8
Ti-42Pt 29.8 b 40.8 45.3
Ti-44Pt 28.0 37.1 42.3 46.2
aIt was observed in the TEM.
bThe size of this phase was too small to measure by EDS in the FESEM.
4.2.4 As-Cast Ti-42Pt Alloy
The solidification structure of this alloy consisted of a large volume fraction of primary den-
drites with the core comprised of a lamellar structure of Ti4Pt3 and α-TiPt (which transforms from
β-TiPt upon cooling). The dendrites are surrounded by lower Z interdendritic regions (Figure 4.7a)








Figure 4.6: Ti-39Pt alloy in the as-cast condition. (a) 1000X (b) 5000X. This is a hypereutectic
alloy with β-TiPt primary dendrites that transformed to Ti4Pt3 upon cooling, and eutectic in the
interdendritic regions. The BEI in (b) reveals that the peritectoid reaction does not go to completion
in the interdendritic regions, and that a layer of α-TiPt phase is observed in the periphery of the
primary β-TiPt dendrites. The TEM images in (c) and (d) reveal the morphology of the phases









that some of the interdendritic regions contain Ti5Pt3 (see Chapter 3 for the characterization of
this phase) and small particles of a low Z phase within the Ti3P and Ti4Pt3 phases whereas some
other regions revealed a different microstructure consisting of Ti3Pt and Ti5Pt3 (Figure 4.7c). The
platinum content of the phases observed in the FESEM were determined by EDS with the ex-
ception of the low Z particles due to their small size. The results are summarized in Table 4.5.
TEM analysis revealed that the interdendritic regions contain Ti3Pt, Ti5Pt3 and small particles
of Ti4Pt phase (Figures 4.8a and 4.8b). In addition, Figure 4.8a reveals the presence of dendrites
of Ti4Pt3 with α-TiPt on the peripheries of the dendrites as can be observed in the BEIs. The














Figure 4.7: As-cast Ti-42Pt alloy. (a) Low magnification BEI reveals the presence of large den-
drites of Ti4Pt3 phase containing the lamellar structure of Ti4Pt3+α-TiPt in its core. The high
magnification in (b) reveals that the interdendritic regions are comprised of Ti3Pt, Ti5Pt3, Ti4Pt3
and small particles of a low Z phase. (c) Other locations of the interdendritic regions contain a




















Figure 4.8: As-cast Ti-42Pt alloy. The TEM images revealed that the small particles observed in
the BEIs are the Ti4Pt phase and that the elongated features in (b) are the Ti5Pt3 phase. In (b) ,
from top to bottom, 〈001〉 SADP from Ti3Pt, 〈1011〉 CBP from Ti5Pt3 and 〈101〉 CBP from the low
Z Ti4Pt phase.
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4.2.5 As-Cast Ti-44Pt Alloy
The Ti-44Pt is a hypereutectic alloy with a considerably larger volume fraction of primary
dendrites (Figure 4.9a). The primary dendrites of β-TiPt have a platinum concentration gradient
along the dendrites that gives rise to different phases and morphologies. The Pt-rich β-TiPt in the
core transforms to α-TiPt at the martensitic transformation temperature whereas the region next
to the core transforms to the lamellar-type structure of Ti4Pt3+β-TiPt (then β-TiPt  αTiPt on
cooling). Finally, the periphery of the dendrites transforms mostly to Ti4Pt3 via the peritectoid
reaction and/or by the direct transformation from β-TiPt (discussed below). The interdendritic






Figure 4.9: The microstructure of as-cast Ti-44Pt alloy reveals the existence of a large volume
fraction of primary dendrites and divorced eutectic in the interdendritic regions. It is observed that
the cored primary dendrites of β-TiPt transformed into α-TiPt in the center, lamellar Ti4Pt3+β-
TiPt and Ti4Pt3 on the edges upon cooling. In addition, Ti3Pt and Ti5Pt3 are observed in the
interdendritic regions where the impurity content is believed to be sufficient to stabilize the Ti5Pt3
phase in this region. Some particles are observed in between the interdendritic regions and the








During solidification, solute and impurity atoms, such as oxygen, are rejected into the remain-
ing liquid until the eutectic composition is reached. The impurity content is sufficient to stabilize
the Ti5Pt3 phase in this region. This interdendritic region is different from the interdendritic re-
gions observed in the microstructures of as-cast 31Pt, 35Pt and 39Pt alloys in which the eutectic
consists of Ti3Pt, Ti4Pt3 and β-TiPt (later, it transforms to α-TiPt during cooling). In addition,
some particles are observed in between the interdendritic region and the dendrites; these particles
were examined in the TEM (Figure 4.9b) and the SADP pattern confirmed that they are Ti3Pt. The
compositions of the various phases in this alloy are summarized in Table 4.5.
4.3 Microstructures After Heat Treatment
4.3.1 Ti-31Pt Alloy
BEIs of the Ti-31Pt alloy at the three temperatures selected for heat treatment (Figures 4.10a
to 4.10c) reveal the presence of an additional intermediate Z phase, Ti5Pt3, in the interdendritic
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regions. At 1260 ◦C (HT1), the bright phase corresponds to α-TiPt which transforms from β-TiPt
upon quenching. On the other hand, at 1050 ◦C (HT2) and 800 ◦C (HT3) the bright phase corre-
sponds to Ti4Pt3. The compositions of the observed phases, determined by EDS in the FESEM, at
the three different temperatures are summarized in Table 4.6.
Table 4.6: Platinum content of the phases observed in the Ti-31Pt alloys heat treated at 1260 ◦C,
1050 ◦C, and 800 ◦C.
Temperature
Phase, at.% Pt
Ti3Pt Ti5Pt3 Ti4Pt3 α-TiPt
1260 ◦C 30.5 37.3 - 44.5
1050 ◦C 30.5 37.5 42.2 -




(a) 1260 ◦C (HT1). 1,000X
Figure 4.10: Ti-31Pt alloy heat treated at (a) 1260 ◦C (HT1), (b) 1050 ◦C (HT2), and (c)
800 ◦C (HT3). Note the presence of the Ti5Pt3 phase after these heat treatments compared with the













BEIs of the Ti-35Pt alloy at the three temperatures (Figures 4.11a to 4.11c) also reveal the
presence of the intermediate Z Ti5Pt3 phase. As in the Ti-31Pt alloy at 1260
◦C (HT1), the
bright phase corresponds to α-TiPt which transformed from β-TiPt upon quenching, while at
1050 ◦C (HT2) and 800 ◦C (HT3) the bright phase corresponds to the Ti4Pt3 phase. The com-
positions of the observed phases, determined by EDS in the FESEM, at these three different tem-
peratures are summarized in Table 4.7.
Table 4.7: Platinum content of the phases observed in the Ti-35Pt alloys heat treated at 1260 ◦C,
1050 ◦C, and 800 ◦C.
Temperature
Phase, at.% Pt
Ti3Pt Ti5Pt3 Ti4Pt3 α-TiPt
1260 ◦C 30.5 37.3 - 44.5
1050 ◦C 30.4 37.6 41.8 -




(a) 1260 ◦C, 2,000X









(c) 800 ◦C, 2,000X
Figure 4.11: Continued
4.3.3 Ti-39Pt Alloy
The microstructures of the Ti-39Pt alloy at the three temperatures (Figures 4.12 and 4.13) also
contain Ti5Pt3 while the remaining phases are in agreement with the Biggs’ phase diagram. At
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1260 ◦C (HT1), the dendrites are β-TiPt which later transformed to α-TiPt upon quenching (con-
firmed by TEM analysis, Figure 4.12b). The SADPs for Ti3Pt, B=〈001〉, and for Ti5Pt3, B=〈2113〉,
are presented for confirmation. At 1050 ◦C (HT2) and 800 ◦C (HT3), the dendrites of β-TiPt trans-
formed into Ti4Pt3. This was confirmed in the TEM (Figures 4.13b and 4.13d). The compositions
of the observed phases, determined by EDS in the FESEM, at the three different temperatures are
summarized in Table 4.8.
Table 4.8: Platinum content of the phases observed in the Ti-39Pt alloys heat treated at 1260 ◦C,
1050 ◦C, and 800 ◦C.
Temperature
Phase at.% Pt
Ti3Pt Ti5Pt3 Ti4Pt3 α-TiPt
1260 ◦C 31.0 37.5 - 43.9
1050 ◦C 30.5 37.2 42.2

























(b) 1260 ◦C. 35,000X
Figure 4.12: (a) Ti-39Pt alloy heat treated at 1260 ◦C (HT1). The microstructure is composed of
dendrites of β-TiPt that later transform to α-TiPt upon quenching, Ti3Pt and Ti5Pt3. SADPs from

































(d) 800 ◦C. 60,000X
Figure 4.13: (a) Ti-39Pt alloy heat treated at 1050 ◦C (HT2). Three phase are present in the
microstructure Ti4Pt3, Ti3Pt, and Ti5Pt3. SADPs for Ti3Pt, B=〈102〉, and Ti5Pt3, B=〈0001〉, are
presented for confirmation in (b). In the case of the SADP from Ti3Pt, the 001 reflection is present
due to double diffraction. (c) Ti-39Pt alloy heat treated at 800 ◦C (HT3). Three phase are present
in the microstructure Ti4Pt3, Ti3Pt, and Ti5Pt3. SADPs for Ti3Pt, B=〈102〉, and Ti5Pt, B=〈2110〉,
are presented for confirmation in (d). In the case of the SADP from Ti3Pt, the 001 reflection is
present due to double diffraction.
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4.3.4 Ti-44Pt Alloy
The microstructures of the Ti-44Pt alloy heat treated at the three temperatures are presented in
Figures 4.14 and 4.15. At 1260 ◦C (HT1), only two phases were observed (Figure 4.14a), namely,
Ti5Pt3 and α-TiPt. Their presence was confirmed in the TEM (Figure 4.14b). An SADP from
Ti5Pt3, B=〈2110〉, is presented for confirmation. This observation is inconsistent with the Biggs’










Figure 4.14: Ti-44Pt alloy heat treated at 1260 ◦C (HT1). The microstructure reveals the presence
of two phases β-TiPt (it transforms to α-TiPt upon quenching) and Ti5Pt3. The SADP from Ti5Pt3,
B=〈2110〉, is presented for confirmation in (b).
At 1050 ◦C (HT2), the Ti-44Pt microstructure reveals the presence of four phases (Figure 4.15a).
The prior β-TiPt dendrites transform into a lamellar-type structure of β-TiPt and Ti4Pt3, in which
the former transforms into α-TiPt upon quenching. In addition, the interdendritic regions consist
of two low Z phases. Detailed analysis in the TEM revealed that these phases were Ti5Pt3 (dark
contrast in Figure 4.15a) and Ti4Pt3 (medium dark contrast in Figure 4.15a). The latter Ti4Pt3 con-
tains a slightly higher Ti content compared to the surrounding Ti4Pt3, as is shown clearly in the



















































Figure 4.15: Ti-44Pt alloy heat treated at 1050 ◦C (HT2). (a) BEI reveals the presecence of four
phases: α-TiPt, Ti4Pt3, Ti5Pt3 and a medium gray phase. In (b) TEM image of this medium
gray phase indicates that it is Ti4Pt3 and the EDS spectra in (d) obtained from the phases shown in
Figure 4.15b revealed that this Ti4Pt3 (II) adjacent to the Ti5Pt3 contains slightly more Ti compared
to the matrix Ti4Pt3 (I).
At 800 ◦C (HT3), Figure 4.16, the microstructure reveals that the prior β-TiPt dendrites trans-
form to a lamellar-type structure of Ti4Pt3 (gray region) and a higher Z region that, at closer exam-
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ination, reveals a fine lamellar structure. Detailed analysis in the TEM (Figures 4.16c and 4.16d)
showed that this fine lamellar structure is comprised of Ti4Pt3 and α-TiPt where, unlike the other α-
TiPt regions observed in the previous as-cast and heat treated alloys, does not form martensitically.
The low Z interdendritic regions in the BEIs are composed of Ti5Pt3 (dark contrast in Figure 4.16a)
and Ti4Pt3(II) (medium dark contrast in Figure 4.16a). As in the previous sample, the latter Ti4Pt3
contains a higher Ti content compared to the surrounding Ti4Pt3(I) (light gray phase). The platinum
content of the phases observed at these three different temperatures are summarized in Table 4.9.
It was not possible to determine the platinum content of the Ti4Pt3 phase inside the fine lamellar
structure by EDS in the FESEM because of the small size of the phase.
Table 4.9: Platinum content of the phases observed in the Ti-44Pt alloys heat treated at 1260 ◦C,
1050 ◦C, and 800 ◦C.
Temperature Phase at.% Pt
◦C Ti3Pt Ti5Pt3 Ti4Pt3(I) Ti4Pt3(II) α-TiPt
1260 - 38.0 - - 44.0
1050 - 38.0 42.3 41.5 48.1
800 - 37.5 42.6 41.3 50.2
4.4 Discussion
4.4.1 Transformations Observed in the as-cast Alloys
Clearly, differences exist between the microstructures observed and the predictions of the
Biggs’ phase diagram and these will be discussed further below. Before continuing with the discus-
sion, it is important to clarify that the α-TiPt phase observed in the as-cast alloys had transformed
from β-TiPt upon quenching. Having said that, the microstructure of the as-cast Ti-31Pt alloy re-
veals that a lamellar structure of Ti4Pt3 and α-TiPt exists in the interdendritic regions (resolved in
the TEM image shown in Figure 4.4b). This means that β-TiPt can follow a transformation path






















Figure 4.16: Ti-44Pt alloy heat treated at 800 ◦C (HT3). (a) BEIs revealed the presence of Ti5Pt3,
α-TiPt, Ti4Pt3(I) and Ti4Pt3(II); the latter two observed also in the Ti-44Pt alloy subjected to HT2.
The BEI in (b) and the TEM images in (c-d) revealed the presence of a fine lamellar structure of
Ti4Pt3 and α-TiPt that had transformed from the prior β-TiPt lamellae observed at 1050
◦C.
The as-cast Ti-35Pt alloy corresponds to the eutectic composition. The microstructure con-
tains three phases Ti3Pt, Ti4Pt3 and α-TiPt and, at first sight, it is possible to conclude that the
peritectoid reaction is taking place but is limited to the Ti3Pt/β-TiPt regions presumably due to
the sluggish nature of the transformation. It is possible to observe the peritectoid transformation
in several places of the microstructure (red circles in Figure 4.17); however, it is also possible to
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Figure 4.17: BEI of the Ti-35Pt as-cast alloy. Some regions of the microstructure appear to be
consistent with the peritectoid transformation (red circles) whereas other larger high Z areas form
a lamellar structure suggesting the precipitation of Ti4Pt3 directly from the β-TiPt phase with no
involvement of the Ti3Pt phase (red square).
In the as-cast Ti-39Pt alloy, a layer of α-TiPt exists near the periphery of the β-TiPt dendrites
which transform to Ti4Pt3 upon cooling, Figure 4.6b. This layer is separated from the interdendritic
Ti3Pt phase by a layer of Ti4Pt3. This observation suggests that the solvus line on the Ti-rich side
of the β-TiPt phase is incorrect. An EDS line scan of the dendrites (46 points along the line
shown in Figure 4.18a) revealed that the Pt concentration remains approximately constant along
its cross-section (Figure 4.18b), with the exception of the peripheries where the Pt-rich α-TiPt
phase exists. Considering 44 points as the size of the data, not considering the periphery of the
dendrites, the mean platinum composition (M ) within the dendrites is approximately 41.5 at.% Pt,
which is close to the composition of the Ti4Pt3 phase as measured by Biggs et al. [1]. The standard
deviation (SD) from the mean is 0.92.
This result suggests that the β-TiPt solidus line should be displaced to lower Pt and, also, it
should be relatively vertical over the solidification temperature range of this particular alloy such























Figure 4.18: (a) BSE image indicating the location of the EDS line scan. (b) Results of the line
scan. Note that the platinum concentrations remain approximately constant along the cross section
of the dendrites. The mean Pt composition is 41.5 at.% Pt and the standard deviation (SD) from
the mean is 0.92.
Ti solubility (increasing Pt) until the original solvus line is reached at ∼ 1100 ◦C, which takes
into consideration the composition of the α-TiPt measured at the three different temperatures of
the heat treatments in the Ti-39Pt and Ti-44Pt alloys (Tables 4.8-4.9). This proposed modification
(Figure 4.19) is corroborated by the differences in the volume fraction of dendrites measured ex-









where fs is the solid fraction, in this case the volume fraction of the primary dendrites, CS the
composition of the solid, Co the composition of the alloy, k the partition coefficient given by
k = CS/CL, and CL the composition of the liquid. Considering CS = 46, Co = 39 and k =
46/35 = 1.31 (at the eutectic temperature) from the Biggs’ diagram, the calculated solid fraction
is 29%, while the experimental value obtained with ImageJ [49] is approximately 50% (three BEIs
at 100X, 200X, 500X and 1000X were considered to calculate the solid fraction in ImageJ. The
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mean value of all these measurements is given here with SD equal to 2.3%). On the other hand,
considering the modified diagram (Figure 4.19), the calculated fraction of primary dendrites using
CS = 41.5, Co = 39 and k = 41.5/35 = 1.12, is approximately 43%, which is closer to the 50%
observed empirically.
41.5 Pt
Figure 4.19: Modification to the Ti-Pt phase diagram appears as the dashed lines for the β-solidus
and the β-solvus.
The modified phase diagram in Figure 4.19 can also be used to explain the existence of the α-
TiPt layer observed in the as-cast Ti-39Pt alloy and an attempt to explain this is provided schemat-
ically in Figures 4.20 and 4.21. The following analysis considers that the transformations begin at
x = 0 (located at the initial β-TiPt/Ti3Pt interface) and extend towards the core of the dendrite;
in addition, a planar Ti3Pt/β-TiPt is considered (Figure 4.21). During solidification, β-TiPt den-
drites solidify first with an essentially constant composition of 41.5 at.% Pt (Figure 4.20a). At
1424 ◦C the eutectic reaction takes place and Ti3Pt nucleates and grows at the β-TiPt interface
and then the eutectic structure develops from the remaining liquid (Figures 4.20b and 4.21a). Be-
tween 1424 ◦C and 1205 ◦C, the composition of the β-TiPt should increase gradually from 41.5
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to 45 at.% Pt which is achieved by the transfer of atoms across the β-TiPt/Ti3Pt interface; this,
in turn, produce a local increase in the volume fraction of the Ti3Pt phase. This is achieved by
the movement of the β-TiPt/Ti3Pt interface to the left in Figures 4.20c and 4.21b. At 1205
◦C,
the peritectoid reaction takes place at the β-TiPt/Ti3Pt interfaces and, because the transformation
is sluggish, the reaction does not go to completion leaving behind a layer of Ti4Pt3 in the edges
of the dendrites (Figures 4.20d and 4.21c). Below 1205 ◦C, the composition of the dendrites far
away from the interface favors the transformation of β-TiPt directly to Ti4Pt3 (Figure 4.21d); near
the interface however, the Pt-rich β-TiPt does not transform until the martensitic temperature is
























































































(e) T < 1050 ◦C
Figure 4.20: Schematic drawings indicating the sequence of events taking place during solidifica-
tion that lead to the formation of the α-TiPt layer that forms near the periphery of the dendrites in
the 39Pt alloy. See text for details of the proposed mechanism.






























(e) T < 1050 ◦C
Figure 4.21: Schematic sequence of transformations in the Ti-39Pt alloy during solidification. The
x-axis has its origin at the β-TiPt/Ti3Pt interface and extends towards the core of the dendrites.
Gibbs free energy curves presented in Figures 4.22 and 4.23. At T = Tp − ∆T the β-TiPt (Pt-
enriched located at the peripheries of the dendrites as shown in Figure 4.20c) and Ti3Pt phase have
been undercooled (∆T ) below the peritectoid temperature (Tp); therefore, there is a driving force
(∆Gp) available to nucleate and grow the Ti4Pt3 phase. The peritectoid reaction takes place be-
tween Ti3Pt of ∼ 30 at.% Pt and β-TiPt of ∼ 46 at.% Pt producing, as a result, Ti4Pt3 containing
∼ 42 at.% Pt at the interfaces (dashed line 1) (Figure 4.22).
The peritectoid reaction does not go to completion and the dendrites far away from the inter-
face still contain around 41.5 at.% Pt (see Figure 4.20d). At a temperature below the peritectoid
(Tp), if a tangent is drawn to the Xd (41.5 Pt) composition on the Gibbs free energy curve of the β-
TiPt phase, this composition falls below the X(To). Under this condition, thermodynamics allows
the partitionless transformation of the β-TiPt phase to Ti4Pt3 both of Xd Pt. The driving force for
this transformation is ∆Gd (Figure 4.23).









T = Tp −∆T
∆Gp
Figure 4.22: Schematic free energy curves for the transformations in the Ti-39Pt alloy during solid-
ification. The peritectoid transformation takes place at the peritectoid temperature (Tp) involving













Figure 4.23: Schematic free energy curves for the transformations in the Ti-39Pt alloy during
solidification. At a temperature below the peritectoid temperature Tp, a β-TiPt of 41.5 at.% Pt can
transforms in a partitionless manner to Ti4Pt3 of the same composition.
pared with the Ti-39Pt alloy, and a greater amount of microsegregation as reflected by the lamellar
structure of Ti4Pt3 and α-TiPt in the core of the dendrites. The formation of this lamellar structure
will be explained in Section 4.4.2. It is interesting to note that two possible microstructures can be
obtained in the interdendritic regions of this alloy. The first contains Ti3Pt, Ti4Pt3, Ti5Pt3 and small
particles of the “Ti4Pt” phase. The second contains mostly Ti3Pt and Ti5Pt3. These differences
could be due to the amount of interstitial atoms rejected to the liquid during solidification due to
the low solubility of impurity atoms in the Ti4Pt3, Ti3Pt and β-TiPt phases (β-TiPt→ α-TiPt upon
cooling).
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The as-cast microstructure of Ti-44Pt alloy revealed a large volume fraction of primary den-
drites as the Ti-42Pt alloy but, in contrast, it revealed more microsegregation (Figure 4.24a).
Specifically, the primary dendrites of β-TiPt have a platinum content that decreases towards the
interdendritic regions, as is shown in Figure 4.24b. This concentration gradient along the den-
drites gives rise to different phases and morphologies. The Pt-rich β-TiPt in the core transforms
to α-TiPt at the martensitic transformation temperature. Subsequently, the region next to the core
region (lower platinum content) transforms to the lamellar-type structure of Ti4Pt3+β-TiPt which
transforms to αTiPt on cooling. Finally, the periphery of the dendrites transform to Ti4Pt3 via the
peritectoid reaction (Figure 4.22).
The interdendritic regions of the Ti-44Pt alloy are composed of a divorced eutectic compris-
ing Ti3Pt and what appears to be an intermediate phase of approximate composition Ti5Pt3. During
solidification, solute and impurity atoms, such as oxygen, are apparently rejected into the remain-
ing liquid until its composition reaches the eutectic composition. If sufficient, the impurity content
appears to stabilize the Ti5Pt3 phase in this region. This eutectic is different from the eutectic ob-
served in the previous alloys (31Pt, 35Pt and 39Pt) that is comprised of Ti3Pt, Ti4Pt3 and α-TiPt.
In addition, some particles are observed in between the interdendritic regions and the dendrites
(white circle in Figure 4.24a). The particles were observed in the TEM (Figure 4.9b) and the
SADP pattern confirms that they are Ti3Pt. The platinum content of the phases are summarized in
Table 4.5.
In this as-cast Ti-44Pt alloy, the peritectoid reaction does not take place because there is not
sufficient Ti3Pt phase to participate in the transformation. The following analysis considers that
the transformations begin at x = 0 (located at the initial interdendritic/Ti3Pt interface) and ex-
tend towards the core of the dendrite; in addition, a planar interdendritic/β-TiPt is considered (Fi-
gure 4.25). In region I, the Ti4Pt3 phase transforms at the peripheries of the prior β-TiPt dendrites
via the partitionless transformation described in Figure 4.23 and grows towards the core of the
dendrites (Figure 4.25a) given that the composition in this region is ∼ 41.5 at.% Pt (Figure 4.24b).
According to the proposed modification of the Ti-Pt phase diagram shown in Figure 4.19, the
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Figure 4.24: as-cast Ti-44Pt alloy. (a) BSE image indicating the location of the EDS line scan.
(b) Results of the line scan. Note that the platinum concentration decreases from the core of the
dendrite towards the periphery resulting in the different phases and morphologies observed in the
microstructure.
volume fraction of the Ti3Pt phase increases in the temperature range between the eutectic and
peritectoid temperatures; therefore, the Ti3Pt phase precipitates near the periphery of the dendrites
(Figure 4.24a).
The alloy continues cooling and given that the Pt content increases towards the core of the
dendrites, then, it is not longer possible to transform the β-TiPt phase in a partitionlessly manner
and, the interface Ti4Pt3/β-TiPt disrupts (region II). The composition in this region favors the de-
composition of the β-TiPt phase into the lamellar Ti4Pt3+β-TiPt structure as shown in Figure 4.25b
(detailed explanation in Section 4.4.2). The core of the dendrites (region III) and the β-TiPt lamel-
lae are enriched in platinum (∼ 46 at.% Pt) which at ∼ 1050 ◦C transform to α-TiPt via the
martensitic transformation (Figure 4.25c).
4.4.2 Transformation β-TiPt  β-TiPt+Ti4Pt3
The large peak observed around 1230 ◦C in the DTA experiments (Figure 4.1) suggests that

































Figure 4.25: Schematic sequence of transformations in the Ti-44Pt alloy during solidification. The
x-axis has its origin at the β-TiPt/Ti3Pt interface and extends towards the core of the dendrites.
Regions I, II and III correlate with the as-cast microstructure presented in (d).
place along the Ti3Pt/β-TiPt interfaces is expected to be sluggish in nature and, probably, can
not account for the amount of energy absorbed on heating or evolved on cooling. Therefore, a
different type of transformation must be taking place at this temperature. As shown below, the
transformation appears to correspond to the decomposition of the β-TiPt phase to Ti4Pt3+β-TiPt
(which transforms to α-TiPt upon cooling).
With the purpose of understanding the transformation taking place at around 1230 ◦C (Fi-
gure 4.26a), as-cast Ti-39Pt samples were heat treated to three different temperatures, namely
1220 ◦C, 1240 ◦C and 1260 ◦C, each one followed by an immediate water quench. The mi-
crostructure of the samples presented in Figures 4.26b to 4.26d reveals the presence of the men-
tioned lamellar-type structure of β-TiPt and Ti4Pt3 within the dendrites. The lamellae are irregular
in nature. In addition, it seems that the amount of Ti3Pt phase inside the dendrites increases grad-
ually with increasing temperature. It is interesting to note that the microstructure of the sample
heat treated at 1260 ◦C was not 100% martensite as was the case for the sample heat treated at this
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temperature for 2 h (HT1, Figure 4.12a). This could indicate that the samples cooled to below the
high temperature peak prior to quenching.






































(c) 1240 ◦C 0 h + WQ (d) 1260 ◦C 0 h + WQ
Figure 4.26: Samples of the Ti-39Pt alloy were heated to 1220 ◦C, 1240 ◦C and 1260 ◦C followed
by an immediate WQ. (a) Heat treatments carried out to capture the transformation observed at
around 1230 ◦C in the DTA scans. The microstructures in (b-c) reveal the presence of a lamellar
structure of Ti4Pt3+β-TiPt (which transforms to α-TiPt upon quenching).
The formation of the lamellar β-TiPt+Ti4Pt3 structure can be explained using the schematic
Gibbs free energy curves presented in Figures 4.27 and 4.28. At the peritectoid temperature Tp,
the peritectoid reaction takes place between Ti3Pt of ∼ 30 at.% Pt and β-TiPt of ∼ 46 at.% Pt, to
produce Ti4Pt3 of ∼ 42 at.% Pt at the interfaces (dashed line 1 in Figure 4.27). The peritectoid
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reaction does not go to completion and the remaining β-TiPt dendrites of∼ 44 at.% Pt (Table 4.8).
The system will reduce the free energy (∆Gl) by forming β-TiPt in Ti4Pt3 of ∼ 42 at.% Pt and a








T = Tp −∆T
∆Gp
Figure 4.27: Schematic Gibbs free energy curves used to explain the sequence of transformations
in the Ti-39Pt alloy during heat treatment. First, the peritectoid transformation takes place at












Figure 4.28: Schematic Gibbs free energy curves used to explain the sequence of transformations
in the Ti-39Pt alloy during heat treatment. Second the transformation of β-TiPt to the lamellar
Ti4Pt3+β-TiPt structure.
To determine if the quenching step was carried out incorrectly, the heat treatment HT1 was
repeated (Table 4.1). It is observed in Figure 4.29a that some dendrites did transform to the lamel-
lar β-TiPt+Ti4Pt3 structure, while other dendrites transformed completely to α-TiPt (martensite).
Moreover, the peritectoid reaction takes place at all of the Ti3Pt/β-TiPt interface as observed in
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the high magnification image presented on Figure 4.29b. Therefore, these observations confirmed
that the quenching step was most likely carried out at at temperature below 1150 ◦C. Nevertheless,
they permit us to conclude that the transformation associated with the high temperature peak in the
DTA corresponds to β-TiPt  β-TiPt+Ti4Pt3 and results in the the lamellar structure observed in
Figures 4.26b to 4.26d, 4.29a and 4.29b.
(a) 1260 ◦C 2h + WQ. 2,000X
Ti4Pt3 phase, product




(b) 1260 ◦C 2h + WQ. 7,000X
Figure 4.29: Ti-39Pt alloy subjected to heat treatment HT1 (Table 4.1) (a) the microstructure re-
veals that some regions of the dendrites have transformed to 100% β-TiPt, while others have trans-
formed to the lamellar Ti4Pt3+β-TiPt structure (then β-TiPt transforms to α-TiPt upon quenching).
(b) The peritectoid transformation can be observed along the interfaces Ti3Pt/β-TiPt.
The heat treatment HT1 was repeated to replicate the microstructure encountered in Figure 4.12a.
The purpose was to verify if the microstructure shown in Figure 4.29a resulted from quenching be-
low 1150 ◦C (below the high intensity DTA peak). The microstructure obtained was in agreement
with Figure 4.12a, and 100 % α-TiPt was obtained in the dendrites (Figure 4.30a). If the speci-
men is subjected to HT4 (Table 4.1), β-TiPt transformed to the lamellar Ti4Pt3+α-TiPt structure
(Figure 4.30b). This confirms that the DTA peak at high temperatures is associated with the trans-
formation β-TiPt→ β-TiPt+Ti4Pt3.
The same orientation relationship (OR) was determined for i) the Ti4Pt3 phase that transforms





(a) 1260 ◦C 2h + WQ. 2,000X (b) 1260 ◦C 2h + air cooling. 2,000X
Figure 4.30: (c) The heat treatment HT1 was repeated resulting in 100% α-TiPt dendrites (β-
TiPt→ α-TiPt). (d) After air cooled a sample heat treated HT1 the lamella Ti4Pt3+β-TiPt structure
is obtained in the prior β-phase.
gure 4.31a), and ii) the Ti4Pt3 obtained from the transformation of β-TiPt to the lamellar Ti4Pt3+β-
TiPt structure (SADP in Figure 4.31b). In both SADPs, the strong reflections corresponds to the
α-TiPt phase, while the weak reflections correspond to the Ti4Pt3 phase. The OR can be expressed
by Equation 4.2:
〈0001〉Ti4Pt3 ‖ 〈110〉α−TiPt ‖ 〈111〉β−TiPt (4.2)
{1010}Ti4Pt3 ‖ (111)α−TiPt ‖ {110}β−TiPt
4.4.3 Transformation of Ti4Pt3 from α-TiPt at low temperatures
The same procedure was carried out in the as-cast Ti-39Pt alloy but at a lower temperature, i.e,
this alloy was heat treated at 1050 ◦C followed by an immediate water quench. The microstructure
reveals that the layer of α-TiPt observed at the periphery of the dendrites disappeared and trans-
formed to Ti4Pt3 (Figures 4.32a and 4.32b). This suggests that the metastable α-TiPt transforms












Figure 4.31: SADPs reveal the OR between the Ti4Pt3 and α-TiPt, which transforms from β-TiPt
upon cooling. (a) Transformation of β-TiPt to the lamellar Ti4Pt3+β-TiPt structure. (b) Peritectoid
reaction. Red fonts denote the reflections from the α-TiPt phase, while the blue fonts denote
the reflections from the Ti4Pt3 phase. B= 〈0001〉 from Ti4Pt3 (with pseudo-heaxoganl axes, see
Chapter 3 for the charaterization of this phase), and B= 〈110〉 from α-TiPt.
sample that was heated following HT1 treatment.
Samples containing 100% α-TiPt dendrites (Figures 4.12a and 4.30a), and those containing
the lamellar α-TiPt+Ti3Pt structure in the dendrites (Figure 4.29a) were rescanned in the DTA.
Both samples were heated until 900 ◦C at a rate of 40 K/min at which point the heating rate was
reduced to 20 K/min. The former sample was cycled three times on heating and cooling between
900 ◦C and 1250 ◦C; while the latter sample was cycled twice on heating and cooling between
900 ◦C and 1070 ◦C.
The results of the DTA scans, presented in Figures 4.33a and 4.33b, reveal the existence of
an exothermic peak at around 690 ◦C on the first heating cycle for both samples. This implies that
the α-TiPt phase, obtained from β-TiPt phase during the water quenching, transforms to a more
stable lower temperature phase liberating heat in the process. From the BEIs above, this could be




(a) 1050 ◦C 0h + WQ. 2,000X
Ti4Pt3
(b) 1050 ◦C 0h + WQ. 5,000X
Figure 4.32: Ti-39Pt sample heat treated at 1050 ◦C followed by an immediate water quenching.
The microstructure reveals that the α-TiPt layer, observed in the periphery of the dendrites in the
as-cast alloy, disappeared and possibly transformed to Ti4Pt3.
two experiments, the peak at around 1040 ◦C does not exist in the first heating cycle of the sample
containing 100% α-TiPt in the dendrites, meaning that there is no α-TiPt available to transform
into β-TiPt at the martensitic transformation temperature.
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heating 1. 20 K/min
cooling 1. 20 K/min
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heating 1. 40 K/min
heating 1. 20 K/min
cooling 1. 20 K/min
heating 2. 20 K/min
cooling 2. 20 K/min
(b)
Figure 4.33: DTA results on samples heated following the HT1 treatment. In (a) the initial mi-
crostructure contains dendrites of 100% martensite while in (b) the initial microstructure contains
the Ti4Pt3+α-TiPt lamellar structure within the dendrites. In both experiments an exothermic peak
is observed around 690 ◦C and is probably associated with the transformation of the α-TiPt phase
to Ti4Pt3.
To verify the hypothesis of the transformation of α-TiPt to Ti4Pt3 at around 690
◦C, the sample
subjected to the HT1 treatment, containing the lamellar α-TiPt+Ti4Pt3 structure in the dendrites
(Figure 4.29a), was heat treated at 670 ◦C, 1025 ◦C and 1060 ◦C followed by an immediate water
quench to room temperature after reaching the desired temperature. More Ti4Pt3 is observed at
670 ◦C (Figure 4.34a) than in the original sample (Figure 4.29a), indicating that must exist a
transformation from α-TiPt to Ti4Pt3. This transformation product can be observed in the TEM
image presented in Figure 4.34b where new Ti4Pt3 (white font) nucleates and grows from the α-
TiPt.
At 1025 ◦C, almost all the α-TiPt phase had transformed into Ti4Pt3 (Figure 4.35a). The new
Ti4Pt3 that nucleates and grows from the martensite possesses many different variants compared to











Figure 4.34: (a) The microstructure of the sample heat treated at 670 ◦C followed by immediate
quench contains more Ti4Pt3 within the dendrites. (b) The TEM image shows that new Ti4Pt3






Figure 4.35: (a) The microstructure of the sample heat treated at 1025 ◦C followed by immediate
quench reveals that the majority of the α-TiPt transformed into Ti4Pt3. (b) This transformation
results in Ti4Pt3 of different variants within the dendrites.
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4.4.4 Microstructure of the Ti-44Pt alloys after heat treatment
The Ti-44Pt alloy subjected to the HT1 heat treatment reveals the presence of dendrites of
β-TiPt (which transforms to α-TiPt upon quenching) and Ti5Pt3 in the interdendritic region. The
absence of Ti3Pt in the interdendritic regions suggests that oxygen is playing an important role. The
microstructure of the samples subjected to HT2 and HT3 heat treatments, Figures 4.15a and 4.16a
respectively, contains a phase whose contrast was in between Ti5Pt3 and Ti4Pt3 which appears as a
medium gray phase in Figure 4.15a. TEM and EDS analyses (Figures 4.15c and 4.15d) revealed
that this phase also corresponds to Ti4Pt3, but contains lower platinum (region II) than the Ti4Pt3
matrix (region I).
In the following, there is an explanation of this phenomenon. According to the DTA scan of
this alloy (Figure 4.1), on cooling at around 1160 ◦C the transformation β-TiPt  β-TiPt+Ti4Pt3
takes place inside the dendrites and the Ti5Pt3, existent at 1260
◦C, remains unchanged to this tem-
perature. An equilibrium is established between Ti5Pt3 and Ti4Pt3 (dashed line 1 in Figure 4.36).
At a lower temperature, the Ti5Pt3 phase begins to dissolve and, therefore, it increases its free en-
ergy from 1 to 2 in Figure 4.36. At this lower temperature a new equilibrium between Ti5Pt3 and










Figure 4.36: Equilibrium condition for the formation of a Ti4Pt3 of lower Pt content (X1) adjacent
to Ti5Pt3 in the Ti-44Pt alloys subjected to Ht2 and HT3 heat treatments.
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An important difference between the microstructures observed in the Ti-44Pt alloy subjected
to HT2 and HT3 heat treatments (see Table 4.1 for the nomenclature of the heat treatments) is the
presence of the fine lamellar Ti4Pt3+α-TiPt structure in the high Z region of the microstructure
obtained at 800 ◦C (HT3, Figures 4.37a and 4.37b). This transformation seems to be associated
with the additional peaks observed on cooling (between 939 and 1014 ◦C) during the DTA scan on
the Ti-44Pt alloy (Figure 4.1), instead of the formation of oxygen stabilized phases as was proposed
by Biggs et al. [48]. In this case, the β-TiPt phase transforms to the fine lamellar structure on
cooling and, therefore, the martensitic transformation does not take place in this alloy subjected to
HT3. This suggests that a cellular type transformation is taking place in this temperature range,









Figure 4.37: Ti-44Pt alloy subjected to HT3 heat treatment. (a-b) A fine lamellar Ti4Pt3+ α-TiPt
structure transformed in the prior β-TiPt lamellae observed in the microstructure of the Ti-44Pt
alloy subjected to HT2 heat treatment (Figure 4.15a).
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4.5 Sequence of Transformations and Summary of Observed Phases
The sequence of transformations in the Ti-31Pt alloy is as follows. Above the eutectic tem-
perature, the alloy is comprised of liquid (L) and prior dendrites of Ti3Pt. At the eutectic temper-
ature, the liquid transforms to eutectic Ti3Pt+β-TiPt. At the peritectoid temperature (∼1205 ◦C),
Ti3Pt+β-TiPt transforms to Ti4Pt3 via the peritectoid transformation. Below the peritectoid, β-TiPt
decomposes into the lamellar Ti4Pt3+β-TiPt structure. Finally, the β-TiPt transforms to α-TiPt via
the martensitic transformation. The Ti4Pt phase is present in the as-cast microstructure because
it is stabilized by C and N (Figure 4.38A). The as-cast microstructure heated to 1260 ◦C (HT1)
is comprised now of Ti3Pt dendrites and Ti3Pt+β-TiPt eutectic. The β-TiPt phase transformed to
α-TiPt upon quenching (Figure 4.38B). After the heat treatment HT2, the β-TiPt transforms par-
titionlessly to Ti4Pt3 (Figure 4.38C). After the heat treatment HT3, the microstructure obtained
above 1050 ◦C remains unchanged (Figure 4.38C). Ti5Pt3 is observed after heat treatment because
it is stabilized by oxygen. In the 35Pt alloy, the sequence is very similar with the exception that



































eutectic transformation peritectoid transformation decomposition of β-TiPt
martensitic transformation
Figure 4.38: Schematic showing the sequence of transformations in the Ti-31Pt alloy in the as-cast
condition (A), after HT1 (B), and after HT2 and HT3 (C). The sequence for the Ti-35Pt is similar
except that in the as-cast condition there is no primary phase.
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The sequence of transformations in the Ti-39Pt alloy is as follows. Above the eutectic tem-
perature, the alloy is comprised of liquid (L) and prior dendrites of β-TiPt. At the eutectic temper-
ature, the liquid transforms to eutectic Ti3Pt+β-TiPt. At the peritectoid temperature (∼1205 ◦C),
Ti3Pt+β-TiPt transforms to Ti4Pt3 at the peripheries of the dendrites. Below the peritectoid, the
bulk of the β-TiPt dendrites decompose into Ti4Pt3 in a partitionless manner. Finally, the β-TiPt,
in the eutectic and in the regions near the peripheries of the dendrites, transforms to α-TiPt via the
martensitic transformation (Figure 4.39A). The microstructures after heat treatment are similar to




































eutectic transformation peritectoid transformation decomposition of β-TiPt at 1230 ◦C
martensitic transformation partitionless tranformation of β-TiPt
Figure 4.39: Schematic showing the sequence of transformations in the Ti-39Pt alloy in the as-cast
condition (A), after HT1 (B), and after HT2 and HT3 (C).
The sequence of transformations for the Ti-44Pt alloy is as follows. Above the eutectic tem-
perature, the alloy is comprised of liquid (L) and dendrites of β-TiPt (larger amount that in the
Ti-39Pt alloy). At the eutectic temperature, the liquid transforms to the eutectic Ti3Pt+β-TiPt.
Below the peritectoid, the β-TiPt dendrites decompose into Ti4Pt3 in a partitionless manner at the
interdendritic/β-TiPt interfaces which then grows towards the core of the dendrites. At a lower
temperature, the dendrites decompose into the lamellar Ti4Pt3+β-TiPt structure. Finally, the β-
TiPt, in the lamellar structure and in core of the dendrites, transforms to α-TiPt via the martensitic
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transformation (Figure 4.40A). Upon heating the as-cast microstructure to 1260 ◦C (HT1), the mi-
crostructure is comprised primarily of Ti5Pt3 in the interdendritic regions and β-TiPt dendrites. Af-
ter quenching, the dendrites transform to α-TiPt via the martensitic transformation (Figure 4.40B).
After heat treatment HT2, the prior β-TiPt dendrites decompose to the lamellar Ti4Pt3+β-TiPt
structure. Upon quenching the β-TiPt transformed to α-TiPt via the martensitic transformation.
The microstructure obtained at 1050 ◦C is furnace cooled to 800 ◦C. Within this temperature



























1050 ◦C, 2 h, WQ
α-TiPt+Ti4Pt3+Ti5Pt3
<1205 ◦C













eutectic transformation peritectoid transformation decomposition of β-TiPt at 1230 ◦C
martensitic transformation partitionless tranformation of β-TiPt decomposition of β-TiPt between 1050-800 ◦C
Figure 4.40: Schematic showing the sequence of transformations in the Ti-39Pt alloy in the as-cast
condition (A), after HT1 (B), and after HT2 (C) and HT3 (D).
A summary of the microstructures observed in the as-cast condition and after heat treatment
for Ti-31Pt (Table 4.5), 35Pt (Table 4.5), 39Pt (Tables 4.12, 4.13, 4.14 and 4.15), and 44Pt (Ta-
bles 4.16 and 4.17) alloys is presented in the following tables:
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Table 4.10: Summary of microstructures observed in the Ti-31Pt alloy.
alloy Condition Description HT Microstructure
Ti-31Pt as-cast - Dendrites of primary Ti3Pt and eutectic in interdendritic regions comprised
of Ti3Pt, Ti4Pt3, α-TiPt and small precipitates of “Ti4Pt”. The Ti4Pt3, α-
TiPt and “Ti4Pt” phases were resolved in the TEM (Figures 4.4a and 4.4b).
HT1 1260 ◦C, 2 h WQ Ti3Pt dendrites unchanged. Eutectic regions now comprised of Ti3Pt,
Ti5Pt3 and β-TiPt (which transforms to α-TiPt upon quenching). See Fi-
gure 4.10a.
HT2 1260 ◦C, 2 h, FC1 to 1050 ◦C,
2 h, WQ
Ti3Pt dendrites unchanged. Eutectic regions now comprised of Ti3Pt,
Ti5Pt3, and Ti4Pt3 (Figure 4.10b).
HT3 1260 ◦C, 2 h, FC to 1050 ◦C,
2 h, FC to 800 ◦C,2 h, WQ
Ti3Pt dendrites unchanged. Eutectic regions now comprised of Ti3Pt,











Table 4.11: Summary of microstructures observed in the Ti-35Pt alloy.
alloy Condition Description HT Microstructure
Ti-35Pt as-cast - 100% eutectic composition. Eutectic now comprised of Ti3Pt, Ti4Pt3 and
α-TiPt.
HT1 see Table 4.5 Eutectic now comprised of Ti3Pt, Ti5Pt3 and β-TiPt (which transforms to
α-TiPt upon quenching).
HT2 ” Eutectic now comprised of Ti3Pt, Ti5Pt3, and Ti4Pt3







Table 4.12: Summary of microstructures observed in the Ti-39Pt alloy.
alloy Condition Description HT Microstructure
Ti-39Pt as-cast - Dendrites of primary β-TiPt that transform partitionlessly to Ti4Pt3 upon
cooling, a layer of α-TiPt in the peripheries and Ti4Pt3 peritectoid prod-
uct observed between the layer of α-TiPt and Ti3Pt phases. Eutectic in
interdendritic regions comprised of Ti3Pt, Ti4Pt3 and α-TiPt.
HT1 see Table 4.5 Prior dendrites of β-TiPt which transforms to α-TiPt upon quenching. Eu-
tectic regions now comprised of Ti3Pt, Ti5Pt3 and α-TiPt.
HT2 ” Prior dendrites of β-TiPt transform to Ti4Pt3 upon cooling from 1260
◦C to
1050 ◦C. Eutectic regions now comprised of Ti3Pt, Ti5Pt3, and Ti4Pt3
HT3 ” Prior dendrites that formed Ti4Pt3 on cooling to 1050
◦C, remain Ti4Pt3.








Table 4.13: Summary of microstructures observed in the Ti-39Pt alloy - Continued.








BEI 1220 ◦C, WQ
- 1220 ◦C, 1240 ◦C, 1260 ◦C,
WQ
Prior dendrites of β-TiPt decompose to the lamellar Ti4Pt3+β-TiPt struc-
ture. β-TiPt phase transforms to α-TiPt upon quenching via the marten-
sitic transformation. In addition, Ti4Pt3 peritectoid product is observed in
the periphery of the dendrites. Eutectic regions now comprised of Ti3Pt,
Ti5Pt3, Ti4Pt3, and α-TiPt.
- 1050 ◦C, WQ Prior dendrites of β-TiPt transform partitionlessly to Ti4Pt3 upon cooling.
On heating, the layer of α-TiPt observed in the peripheries of the dendrites
disappeared and transformed to Ti4Pt3. Eutectic in interdendritic regions
comprised of Ti3Pt and Ti4Pt3.
- HT1, 670 ◦C, WQ Prior dendrites of β-TiPt contain the lamellar Ti4Pt3+β-TiPt structure
(which transforms to α-TiPt upon quenching). On heating, more Ti4Pt3
forms on the α-TiPt lamellae (red fonts). Eutectic regions now comprised
of Ti3Pt, Ti4Pt3, Ti5Pt3 and α-TiPt.
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Table 4.14: Summary of microstructures observed in the Ti-39Pt alloy - Continued.









TEM HT1, 670 ◦C, WQ
- HT1, 1025 ◦C, WQ Prior dendrites of β-TiPt contain the lamellar Ti4Pt3+β-TiPt structure
(which transforms to α-TiPt upon quenching). On heating, almost all α-
TiPt phase transformed to the Ti4Pt3 phase. The Ti4Pt3 phase possesses
several different variants (resolved in the TEM). Eutectic regions now
comprised of Ti3Pt, Ti4Pt3, Ti5Pt3.
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Table 4.15: Summary of microstructures observed in the Ti-39Pt alloy - Continued.
alloy Condition Description HT Microstructure
Ti4Pt3 Ti3Pt
Ti5Pt3
BEI HT1, 1025 ◦C, WQ
Ti4Pt3
TEM HT1, 1025 ◦C, WQ
HT4 1260 ◦C, 2 h, AI2 Prior dendrites of β-TiPt decompose to the lamellar Ti4Pt3+β-TiPt struc-
ture (which transforms to α-TiPt upon cooling). Eutectic regions now
comprised of Ti3Pt, Ti4Pt3, Ti5Pt3 and α-TiPt.
1AI=Air Cooled
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Table 4.16: Summary of microstructures observed in the Ti-44Pt alloy.
alloy Condition Description HT Microstructure
Ti-44Pt as-cast - Prior dendrites of β-TiPt followed a sequence of transformations upon
cooling. The peripheries of ∼ 41.5 at.% Pt transform partitionlessly to
Ti4Pt3 below the peritectoid temperature. Towards the core of the den-
drites, the β-TiPt whose Pt content is ∼ 44 at.% Pt decomposed into the
lamellar Ti4Pt3+β-TiPt structure. At the martensitic transformation tem-
perature the β-TiPt enriched in Pt (∼ 46 at.% Pt) transforms to α-TiPt via
the martensitic transformation. Divorce eutectic in interdendritic regions
comprised of Ti5Pt3 and Ti3Pt phases. Precipitates of Ti3Pt were observed









HT1 see Table 4.5 Prior dendrites of β-TiPt transform to α-TiPt upon quenching. Divorce
eutectic regions now comprised of Ti5Pt3 phase.
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Table 4.17: Summary of microstructures observed in the Ti-44Pt alloy - Continued.
alloy Condition Description HT Microstructure
HT2 ” Prior dendrites of β-TiPt transform to the lamellar Ti4Pt3(I)+β-TiPt struc-
ture upon cooling from 1260 ◦C (coarser morphology). Divorce eutectic
regions now comprised of Ti5Pt3 and Ti4Pt3(II) of a lower Pt content than
Ti4Pt3(I). The β-TiPt transforms to α-TiPt upon quenching.
HT3 ” Prior lamellae β-TiPt, contained in the lamellar Ti4Pt3(I)+β-TiPt struc-
ture, transforms to a fine lamellar Ti4Pt3+α-TiPt structure upon cooling
from 1050 ◦C. Divorce eutectic regions comprised of Ti5Pt3 and Ti4Pt3(II)











CONCLUSIONS AND FUTURE WORK
In this investigation, six Ti-Pt alloys in the composition range 30-50 at.%Pt were studied using
SEM, TEM, and DTA techniques and used to draw the following conclusions.
1. The peritectoid reaction occurs but is limited to the Ti3Pt/β-TiPt interfaces due to the slug-
gish nature of the transformation. Therefore, the peritectoid reaction proposed by Biggs and
coworkers [1] was confirmed in this research.
2. A modification to the Ti-Pt phase diagram is proposed taking into consideration the mi-
crostructures observed in the as-cast alloys. Specifically, the presence of a layer of α-TiPt
near the periphery of the β-TiPt dendrites, which transform to Ti4Pt3 upon cooling, in the
Ti-39Pt and Ti-42Pt as-cast alloys (Figures 4.6b and 4.7b) and, an almost constant Pt con-
centration along the cross-section of the dendrites (Figure 4.18b) suggest that that the β-TiPt
solidus line should be displaced to lower Pt and, also, it should be relatively vertical over
the solidification temperature range of the Ti-39Pt alloy such that little coring accompanies
solidification. Likewise, the β-TiPt solvus must exhibit decreasing Ti solubility (increasing
Pt) until the original solvus line is reached at ∼ 1100 ◦C, which takes into consideration the
composition of the α-TiPt measured at the three different temperatures of the heat treatments
in the Ti-39Pt and Ti-44Pt alloys (Tables 4.8-4.9).
3. The proposed modification of the phase diagram (Figure 4.19) is corroborated by the dif-
ferences in the volume fraction of dendrites measured experimentally, 29% and the volume
fraction calculated using the Scheil Equation, 50%.
4. The large peak observed around 1230 ◦C in the DTA experiments (Figure 4.1) suggests that
a significant enthalpy is involved in the transformation. The transformation associated with
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this peak appears to correspond to the decomposition of the β-TiPt phase to the lamellar
Ti4Pt3+β-TiPt structure.
5. The Ti5Pt3 phase was observed in the heat treated alloys and, also, in the Ti-42Pt and Ti-
44Pt as-cast alloys. It contains a slightly lower platinum content than the Ti4Pt3 phase.
Considering the information revealed by the CBPs (Figures 3.7a to 3.7c) and the SADPs
(Figures 3.8a to 3.8c) the space group was determined to be P63/mcm. Based on this space
group, the lattice constants are a ∼ 0.8 nm and c ∼ 0.5 nm.
6. Wavelength Dispersive Spectroscopy (WDS) measurements were carried out on several Ti-
42Pt heat treated alloys (HT5 and HT6). They reveal that the Ti5Pt3 phase contains∼ 35 at.%
Pt and ∼ 5 at.% O, which is considerably larger compared with Ti3Pt (0.2 at.% O), Ti4Pt3
(0.7 at.% O) and α-TiPt (0.0 at.% O). This suggests that its formation requires the presence
of oxygen to allow its stabilization in the microstructure. It is likely that the Ti2Pt(O) phase
observed by Biggs et al. [1] corresponds to the Ti5Pt3 given the Pt composition measured by
them (33-34 at.% Pt).
7. The Ti4Pt3 is a highly faulted phase observed in both the hypoeutectic alloys (in the eutectic
regions) and hypereutectic alloys (in both the eutectic and dendrites). WDS measurements
indicated that it has a composition of ∼ 41 at.% Pt. Using a combination of selected area
electron diffraction, convergent beam electron diffraction and careful tilting experiments, it
was determined that it has a complex structure with considerable streaking in the resulting
SADPs (Figure 3.3). The lattice parameters are unknown but must be related to the pseudo-
hexagonal parameters where a ∼ 0.80 nm and c ∼ 2.36 nm.
8. It is speculated that the Ti4Pt3 phase transforms from a hexagonal phase existent at high
temperatures due to its resemblance to a hexagonal structure and the heavy faulting. To this
point, it is not possible to determine exactly at which temperature the transformation from
this hexagonal phase to the highly faulted phase occurs.
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9. The Ti4Pt3 phase can transform from α-TiPt at around 690
◦C, evolving heat during the trans-
formation. The new Ti4Pt3 that nucleates and grows from the martensite (α-TiPt) possesses
many different variants compared to that which forms from β-TiPt.
10. A fine lamellar structure of α-TiPt and Ti4Pt3 was observed in the Ti-44Pt alloy heat treated
at 800 ◦C (HT3). This transformation may be associated with the additional peaks observed
on cooling (between 939 and 1014 ◦C) during the DTA scan of the Ti-44Pt alloy (Figure 4.1).
11. The “Ti4Pt” phase, observed in the interdendritic regions of the as-cast alloys, is also sta-
bilized by interstitials. WDS measurements revealed that the composition of this phase is
59.6Ti-21.8Pt-15.4N-3.2C. The space group of this phase is Fm3m with a ∼ 0.8 nm.
Considering the findings of this work, there are several observations that need further study.
Up to this point, there is no an explanation for the formation of the fine lamellar α-TiPt+Ti3Pt
structure in the Ti-44Pt heat treated at 800 ◦C (HT3). There is not conclusive evidence to explain
how, in the Ti-44Pt alloy, it is possible to obtain the α-TiPt without the variants observed in the
alloys heat treated at higher temperatures.
It is possible to refine the calculation of the volume fraction of dendrites to obtain a more
realistic description of the solidification of the alloys instead of using a constant partition coeffi-
cient and the Scheil equation. This approach will require the knowledge of the diffusion in the
liquid (or a least an approximate value because incomplete thermodynamic information exists in
the literature for this system). Furthermore, the approach will have to consider that the solidus and
liquidus lines are not straight in the temperature range of solidification.
The “Ti4Pt” phase possesses a cubic structure with the Fm3m space group and a ∼ 0.8 nm.
This phase is also stabilized by interstitials but does not have the same structure as TiC/TiN (Fm3m
with a ∼ 0.4 nm). Therefore, it will be interesting to determine the atom positions and the number
of atoms required to produce the electron diffraction observed in Chapter 3.
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It was not possible to determine the crystal structure of the Ti4Pt3 phase. Nevertheless, the
TEM analyses performed using CBED and SADP revealed that it has a complex crystal structure
with electron diffraction evidence pointing in the direction of a triclinic structure whose lattice
parameters should be related to the hexagonal lattice parameters of the Ti5Pt3 due to their structural
similarities. To determine the crystal structure, good diffraction patterns (x-ray and/or neutron) are
required, i.e., fine (range 25 to 75 µm) and random powders. Reitveld refinement is necessary to
find the best structure that matches, within certain error, the patterns; if more than one structure
match the pattern, ab-initio calculations may help elucidate the crystal structure and atom positions
that minimize the energy of the system.
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XRD AND NEUTRON DIFFRACTION RESULTS
From Chapter 4, it is clear that the Ti4Pt3 phase observed first by Biggs and coworkers [1] is a
stable phase that can transform via partitionless transformation from β-TiPt during solidification,
or via the transformation β-TiPt  α-TiPt+Ti4Pt3 during heat treatment at around 1230
◦C. TEM
analyses revealed that it is a highly faulted phase that has some structural similarities to the hexag-
onal, similar a parameter and similar [0001] diffraction pattern, but the c parameter is very different
with diffraction evidence that suggests a triclinic structure. To this point, there is no clarity as to
the type of crystal structure and atom positions in this phase. Therefore, an effort was made to
determine the structural details using x-ray and neutron diffraction experiments were carried out.
Only preliminary results are presented here.
A-1 Methodology
Neutron and x-ray diffraction experiments were performed in the Spectrometer for Materi-
als Research at Temperature and Stress (SMARTS) at the Los Alamos Neutron Scattering Center
(LANSCE) and in a Phillips (PANalytical) X’Pert PRO x-ray diffractometer at the Colorado School
of Mines, respectively. A as-cast Ti-39Pt powder sample was scanned in the SMARTS spectrom-
eter at four different temperatures: room temperature (RT), 800 ◦C, 1100 ◦C and 1300 ◦C. A
white beam was used for this neutron experiments. The powder was sampled in the range 0.9-4 Å.
Unfortunately, the powder was not sufficiently random and information of scattering from low 2θ
angles was not obtained. Likewise, a sample of as-cast Ti-42Pt powder was scanned in the x-ray
diffractometer. In this case, the powder was prepared using an alumina mortar and pestle and then
sieved to a particle size range 53-63 µm in an effort to obtain a random powder suitable for x-ray
experiments. The beam used was CuKα (λ = 1.54056 Å) and the starting 2θ angle was 7.2◦.
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The initial approach is to calculate the theoretical intensities for each phase that could be
present in the powders, namely Ti3Pt, Ti5Pt3, α-TiPt and β-TiPt (see Appendix B for its calcula-
tion). In this manner, the peaks that do not match these phases should correspond to the Ti4Pt3
phase. The intensity of diffraction peaks can be calculated using Equation A-1:
I = |F |2p
(
1 + cos2 2θ
sin2 θ cos θ
)
e−2M (A-1)
where I is the relative integrated intensity, F is the structure factor, p is the multiplicity factor,
which depends on the crystal system ans the specific diffraction planes,
1 + cos2 2θ
sin2 θ cos θ
is the Lorentz
polarization factor, θ is the Bragg angle and e−2M is the temperature factor which take into consid-
eration the thermal vibration of the atoms about their mean positions. In turn, the structure factor




fn exp [2πi(hun + kvn + lwn)] (A-2)
where fn is the atomic scattering factor, N the total number of atoms in the basis, (h, k, l) the
Miller indices of the hkl reflection, and (u, v, w) the position of the atoms in the unit cell. On the




b exp [2πi(hun + kvn + lwn)] (A-3)
where b is the scattering length on the order of 10−12 cm. The scattering lengths for titanium,
platinum and niobium are −3.37 × 10−13 cm, 9.60 × 10−13 cm and 7.05 × 10−13 cm, respec-
tively. To compare directly the x-ray atomic scattering factor f with the neutron scattering length
b, Equation A-4 is used:
fo = ref (A-4)
where fo is the atomic scattering factor for comparison, and re is the classical radius of the electron
equal to 2.818×10−13 cm. Some differences to take into consideration between neutron diffraction
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with x-ray diffraction:
i) The scattering intensity is much greater for x-rays than for neutrons because the source is
much more intense.
ii) Neutrons interact with the nucleus of the atoms and such interaction is of short range (∼ 10−5
Å) which is shorter than interatomic distances (∼ 1 Å). Therefore, the scattering length b
is essentially independent of the scattering vector (∼ sinθ/λ). On the other hand, x-rays
interact with the electron cloud surrounding the nucleus, whose extension is comparable with
the interatomic distances and, therefore, the atomic scattering factor f decreases with the
scattering vector.
iii) Neutron scattering lengths vary irregularly with atomic number Z due to the neutrons/nuclei
interaction, and there is not a systematic variation with Z. Therefore, neutron diffraction can
be use to distinguish elements that are close to one another in the periodic table, where x-rays
and electron diffraction fall short.
iv) Neutrons scatter light elements more effectively than x-rays; therefore, it is easier to detect
light atoms (H, C, N and O) in the presence of heavy atoms.
v) Some scattering lengths are negative (e.g. Ti) which enhances the difference between ele-
ments. This can provide an effective diagnostic tool when compare with x-ray data.
A-2 Results
The Ti-39Pt powder sample scanned in the SMARTS spectrometer at LANSCE was encap-
sulated in a Niobium can and positioned horizontally inside a furnace capable of reaching tem-
peratures up to 1500 ◦C. Likewise, a as-cast Ti-42Pt powder sample was scanned in a Phillips
(PANalytical) X’Pert PRO x-ray diffractometer at the Colorado School of Mines. Figure A-1a
shows a partial neutron pattern for both heating and cooling (RT, 800 ◦C, 1100 ◦C and 1300 ◦C),
corresponding to a range of d-spacings, namely 2.5-4.4 Å. Should be kept in mind that the powder
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for neutron diffraction was not totally random and; therefore, it may not show all the orientations.
However, a number of phases were observed as follows:
i) The peaks around 2.5 Å and 3.5 Å are consistent with the (200) and (110) reflections from the
Ti3Pt phase.
ii) There is a peak at∼ 3.44 Å that is present from RT to 1100 ◦C and then disappears at 1300 ◦C.
It is not observed on cooling. This peak is observed in the XRD pattern (Figure A-1b) and
therefore, it may corresponds to the Ti4Pt3 phase.
iii) The peaks ∼ 2.8 Å seem to coincide with the (010) reflection of the αTiPt phase.
iv) The peak at ∼ 3.2 Å observed at 1100 ◦C(both on heating and cooling) and 1300 ◦C is con-
sistent with the (100) reflection from the β-TiPt phase.
v) The peaks at ∼ 2.7 Å, 2.9 Å and 3.35 Å are not consistent with any of the known phases
in the alloys studied (dashed boxes in Figure A-1a) and, do not have a counterpart in the
XRD pattern. This suggests that some contamination or reaction with Nb occurred during the
experiment.
Further studies are required to determine the structure of the Ti4Pt3 phase. Any preparation of
powders for diffraction must consider the effect of not having a random sample and, any possible
interaction with the container used in these experiments.
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Figure A-1: Neutron diffraction pattern at three different temperatures: RT, 800 ◦C and 1100 ◦C in
the range 2.5-3.7 Å. XRD pattern at RT of a Ti-42Pt as-cast powder sample.
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APPENDIX B
STRUCTURE FACTORS FOR XRD AND NEUTRON DIFFRACTION
The structure factors for Ti3Pt, Ti5Pt3, α-TiPt and β-TiPt are:
1. Ti3Pt: It has a primitive cubic crystal structure whose space group is Pm3n. The atom
positions in this phase are:
2a Pt 000 0.5 0.5 0.5
6c Ti 0.25 0 0.5 0.5 0.25 0 0.75 0.25 0 0.5 0.75 0 0 0.25 0.25 0 0.5 0.75
Then, the structure factor Fhkl is given by:
Fhkl = fPt
[









































2. α-TiPt: It has a primitive orthorhombic structure whose space group is Pmma. The atoms
positions are:
2e Pt 0.25 0.5 z 0.75 0.5 z
2f Ti 0.25 0 z 0.75 0 z
The z coordinate for Ti is 0.18 and for Pt is 0.68, both determined by Dwight et al. [22].































3. β-TiPt: It has a primitive cubic structure whose space group is Pm3m. The Ti atoms are
located at (000), while Pt atoms are located at (1/2 1/2 1/2). The structure factor in this case
is:
Fhkl = fT i + fPt exp [πi(h+ k + l)]. (A-3)
4. Ti5Pt3: It has a primitive hexagonal structure whose space group is P63/mcm. This phase
has structural similarities to phases that have the Mn5Si3 prototype structure [28] with atoms
located at:
4d Ti1 1/3 2/3 0 2/3 1/3 1/2 2/3 1/3 0 1/3 2/3 1/2
6g Ti2 x 0 1/4 0 x 1/4 x x 1/4 x 0 3/4 0 x 3/4 x x 3/4
6g Pt x 0 1/4 0 x 1/4 x x 1/4 x 0 3/4 0 x 3/4 x x 3/4
According to Raman and Ghassem [31] for Ti2 x = 0.2439 and for Pt x = 0.6003. There-
fore, The structure factor in this case is:
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. (A-4)
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